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FOREWORD 


The  information  in  this  report  was  assembled  for  the 
University  of  Dayton  as  Task  20  of  Contract  Ho.  F33615- 
81-C-2012  with  the  Air  Force  Wright  Aeronautical  Labora- 
!  tories/Aero  Propulsion  Laboratory,  of  the  Aeronautical 

Systems  Division,  Air  Force  Systems  Command. 

Ms.  V.J.  Van  Griethuysen  of  the  Energy  Conversion 
Branch  at  the  Aero  Propulsion  Laboratory  (AFWAL-POOC) 

,  served  as  Project  Engineer.  The  work  was  in  support  of 

|  Project  31451949,  Thermal  Energy  Storage,  Heat  Pipes,  and 

Heat  Transfer  Investigation.  The  report  was  prepared  by 
Warner  B.  Kaufman  and  Leonard  K.  Tower,  principal  investi¬ 
gators.  As  members  of  the  Chemical  Systems  Branch,  Space 
Propulsion  and  Power  Division  of  NASA  Lewis  Research 
i  Center,  these  investigators  previously  had  conducted  heat 

pipe  compatibility  tests  on  a  group  of  superalloy  materi¬ 
als  with  sodium  and  lithium  fluids.  The  results  were 
never  reported  because  of  a  de-emphasis  of  heat  pipe 
I  research  at  the  Lewis  Center. 

This  report  represents  part  of  a  program  to  transfer 
space  heat  pipe  technology  from  NASA  Lewis  to  Aero  Propul¬ 
sion  Laboratory.  It  describes  the  facilities  and  test 
procedures  as  well  as  compatibility  results  on  five  super- 
alley  materials  over  thousands  of  hours  of  operation.  The 
erk  was  performed  during  the  period  1  January  to  31  Decem¬ 
ber  1984. 

*  The  authors  are  indebted  to  the  following  personnel 

at  NASA  Lewis  for  consultation  and  assistance  in  the  exe¬ 
cution  of  this  work:  Dr.  Stuart  Fordyce,  Chief,  Space 

Power  Technology  Division;  Major  Alan  Willoughby,  retir'd, 
formerly  Air  Force  Systems  Command  Liaison  Officer;  and 
Mr.  William  Frey,  technician,  associated  with  the  life 


test  evaluations  conducted  at  the  NASA  Lewis  Research  _  - - 
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SECTION  I 
INTRODUCTION 


Heat  pipes  employing  liquid  metal  working  fluids  have 
been  widely  investigated  for  applications  in  high  tempera¬ 
ture  energy  conversion  systems  in  both  space  and  terres¬ 
trial  applications.  The  severity  of  the  pipe  operating 
environment,  both  internal  and  external,  causes  materials 
compatibility  to  be  the  major  problem  encountered. 

The  Lewis  Research  Center  of  NASA  studied  heat  pipes 
as  components  of  space  power  systems  employing  thermionic 
energy  conversion  (Ref.  1).  Many  innovative  assembly  tech¬ 
niques  were  devised  in  the  course  of  constructing  unusual 
heat  pipes  for  testing  (Ref.  2) . 

PROGRAM 

The  scope  of  applications  for  pipes  grew  to  include 
terrestrial  power  plants,  in  which  topping  systems  were 
advocated  to  supplement  the  conventional  power  cycle. 
Such  applications  placed  economic  constraints  not  con¬ 
sidered  important  in  space  systems.  For  instance,  the 
pipes  should  be  capable  of  simple  fabrication  from  readily 
available  materials  which  can  withstand  the  environment  to 
which  they  are  exposed. 

In  support  of  this  effort,  the  Lewis  Research  Center 
initiated  studies  of  sodium  filled  heat  pipes  to  screen 
various  container  materials  for  possible  terrestrial  ther¬ 
mionic  power  systems  and  topping  cycles.  The  peak  temper¬ 
atures  envisioned  for  the  terrestrial  applications  were 
somewhat  lower  than  those  for  the  space  thermionic  heat 
pipes.  During  the  planning  stage  it  became  apparent  that 
a  possible  niche  existed  in  space  power  for  heat  pipes 
operating  in  this  lower  temperature  range.  Such  systems 
would  perform  at  lower  power  densities  than  the  high  tem¬ 
perature  thermionic  systems.  Accordingly,  the  scope  of 
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the  investigation  was  enlarged  to  include  vacuum  environ¬ 
ment  for  some  pipes. 

At  the  same  time,  lithium  was  added  as  a  working 
fluid  candidate  suitable  for  a  higher  temperature  range 
than  sodium.  The  lower  vapor  pressure  of  lithium  lessens 
the  tendency  of  the  envelope  to  creep,  among  other  factors. 
For  example,  at  a  temperature  of  1000  °C,  the  vapor  pres¬ 
sure  cf  sodium  is  about  47  times  that  of  lithium. 

The  investigation  was  intended  to  be  part  of  an 
ongoing  study  of  liquid  metal  heat  pipe  materials  and  com¬ 
patibility  with  the  internal  and  external  environment. 
Performance  was  to  have  been  studied  in  later  generations 
of  pipes. 

The  test  facilities  were  designed  to  permit  unattended 
life  testing  over  extended  periods.  In  their  design,  pro¬ 
visions  were  made  for  simulating  corrosive  combustion  gas 
environments  at  a  later  time.  The  program  actually  con¬ 
ducted  was  limited  to  air  and  vacuum.  All  candidate  con¬ 
tainer  materials  were  tested  in  both  environments,  although 
some  were  better  suited  to  one  than  the  other. 

Before  the  work  in  this  program  could  be  completed,  a 
de-emphasis  of  heat  pipe  research  occurred  at  Lewis 
Research  Center.  The  work  was  terminated  with  no  report 
of  the  test  results.  The  specialized  test  equipment  was 
eventually  transferred  to  the  Air  Force  Wright  Aeronauti¬ 
cal  Laboratories.  Interest  remains  in  liquid  metal  heat 
pipes  operating  in  the  temperature  range  of  these  pipes, 
especially  for  space  applications.  For  this  reason  the 
status  of  the  Lewis  pipes  at  the  time  of  shutdown  was 
examined  and  is  reported  herein.  Also,  to  facilitate  the 
recommissioning  of  the  test  facilities,  and  to  aid  in  the 
design  of  new  facilities,  a  comprehensive  discussion  of 
the  test  facilities  and  their  operation  is  included. 
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CHOICE  OF  MATERIALS 

Prior  to  procurement  of  heat  pipes,  an  extensive  sur¬ 
vey  of  the  behavior  of  candidate  alloys  for  inclusion  in 
this  program  was  conducted  by  Mr.  James  F.  Morris,  formerly 
of  Lewis  Research  Center.  Some  of  the  rationale  for  the 
choice  of  materials,  and  some  problems  which  were  antici¬ 
pated  from  the  working  fluid,  container,  and  contaminant 
combinations  (Ref.  3)  will  be  discussed  herein. 

EXTERNAL  ENVIRONMENT  CONSIDERATIONS 

The  heat  pipe  environments  in  this  study  were  air  and 
vacuum.  The  additional  intention  of  testing  in  an  atmos¬ 
phere  simulating  combustion  flue  gases  which  are  encoun¬ 
tered  in  electric  power  topping  cycles  was  not  realised 
because  of  the  aforementioned  de-emphasis  of  heat  pipe 
research. 

Since  the  original  focus  of  the  program  was  on  ter¬ 
restrial  applications,  the  materials  selections  were  guided 
by  this  consideration.  When  the  scope  of  the  program  was 
enlarged  to  include  space  applications,  the  list  of  enve¬ 
lope  materials  chosen  for  air  testing  was  extended  to 
vacuum,  with  the  knowledge  that  vaporization  was  a  poten¬ 
tial  problem.  Indications  have  been  given  that  materials 
suitable  for  use  in  one  situation  at  elevated  temperatures 
may  be  undesirable  in  another  (Ref.  4) .  Thus  alloying 
constituents  added  to  increase  oxidation  resistance  may 
vaporize  readily  in  vacuum.  However,  the  materials  choices 
ultimately  were  constrained  by  commercial  availability  and 
the  expectation  of  compatibility  with  the  liquid  metals  to 
be  used. 

To  economize  on  the  number  of  tests  required  in  the 
screening,  only  sodium  was  used  in  the  air  pipes,  and  for 
the  most  part,  lithium  in  the  vacuum  pipes.  The  assumption 
was  made  that  the  internal  and  external  environments  could 
not  interact  if  cl.e  pipes  were  in  good  condition.  Table  1 
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TABLE  1 

SCHEDULE  OF  ENVELOPE  MATERIALS ,  EXTERNAL 
ENVIRONMENT,  AND  WORKING  FLUIDS 

Environment  Envelope  Material  Fluid 


Vacuum 


304L 

310S 

Hastalloy  X 
Haynes  188 
Hastalloy  B 

304L 

310S 

Hastalloy  X 
Haynes  188 
Hastalloy  B 


Sodium 


Sodium 

Lithium 


on 


shows  the  schedule  of  envelope  materials,  external  environ¬ 
ment,  and  working  fluids  which  was  tested. 


DESCRIPTION  OF  THE  PIPES 

The  outside  dimensions  for  all  the  pipes  were  1.27  cm 
diameter  and  91.5  cm  in  length.  The  wall  thickness  was 
about  0.18  cm.  The  end  caps  and  wicking  structure  were  of 
the  same  material  as  the  envelopes. 

The  stainless  steel  pipes  contained  screen  of  60,  100, 
or  200  mesh  stainless  material  wrapped  to  make  a  four  layer 
wick.  The  original  intention  was  to  employ  screen  wicks  in 
all  pipes.  Because  screen  was  not  available  in  Haynes  188, 
Hastalloy  X,  and  Hastalloy  B  without  undue  delay,  the  wicks 
for  these  pipes  were  fabricated  of  metal  fiber  matchinq  the 
container  material.  The  metal  fiber  wicks  were  0.08  cm 
thick,  with  a  porosity  of  about  80  percent.  The  material 
was  rolled  into  a  single  layer. 

The  pipes  were  cleaned  chemically,  honed  inside,  and 
vapor  degreased.  They  were  baked  out  at  around  1000  °C, 
with  wicks  installed,  at  initial  background  pressure  of 
6xl0“5  N/m2  (4.5xl0“7  mm  of  Hg)  .  The  end  caps  were 
then  electron  beam  welded  and  the  pipes  baked  out  again. 
After  bake-out  they  were  hagged  in  an  inert  atmosphere  of 
ultra  high  purity  argon. 

At  the  time  of  filling  they  were  suspended  vertically 

in  a  furnace  under  an  inert  atmosphere  and  the  working 

fluid  was  introduced  with  a  heated  syringe.  With  an 

-4  2 

initial  background  pressure  of  about  2x10  N/m 

( 1.5x10“*  mm  of  Hg) ,  thay  were  then  heated  at  the  bottom 
for  5  to  10  min  to  outqas  the  workinq  fluid.  An  orifice 
at  the  end  of  the  pipe  prevented  serious  loss  of  working 
fluid.  After  cooling,  the  pipes  were  pumped  out  and 

closed  with  a  small  bead  of  envelope  material  by  a 
proprietary  process  of  the  vendor. 

Table  2  provides  an  index  of  material  pipe  number, 
external  environment,  wick  type,  workina  fluid,  and 
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TABLE  2 

INDEX  OF  PIPE  NUMBER,  MATERIAL,  ENVIRONMENT,  WICK  TYPE,  WORKING 
FLUID,  AND  RECOMMENDED  MAXIMUM  TEMPERATURE 


Material 

Pipe 

Environment 

Wick 

type 

Working 

Number 

fluid 

Screen 

Metal 

(mesh) 

fiber 

304L 

L-l® 

Air 

200 

M*  — 

Sodium 

j 

L-2 

'200 

m  «■ 

L-7® 

100 

m 

L-8 

100 

-  - 

L-3 

Vacuum 

200 

-- 

L-9 

Vacuum 

100 

—  - 

310S 

S-l 

Air 

60 

m  tm 

Sodium 

S-2 

Air 

— 

Sodium 

S-3 

Air 

-- 

Sodium 

K 

S-7 

Vacuum 

-- 

Lithium 

S-8 

Vacuum 

Lithium 

S-9 

Vacuum 

-  - 

Lithium 

) 

j  Hastalloy  X 

HX-7 

Air 

.  .  . 

Sodium 

HX-8b 

Air 

— 

Sodium 

H 

| 

HX-9 

Air 

— 

Sodium 

HX-2 

Vacuum 

— 

Lithium 

HX-5 

Vacuum 

Lithium 

i 

i 

HX-11 

Vacuum 

... 

Lithium 

Haynes  188 

HA- 5 

Air 

m  m  m 

Sodium 

HA- 6 

Air 

... 

Sodium 

HA- 8 

Air 

— 

Sodium 

* 

HA-1 

Vacuum 

-  -  - 

Lithium 

r 

HA- 2 

Vacuum 

— 

Lithium 

E 

HA-4 

Vacuum 

— 

Lithium 

U  Hastalloy  B 

HB-1 

Air 

... 

Sodium 

HB“  2 

Air 

— 

Sodium 

C 

HB-3 

Air 

— 

Sodium 

| 

HB-5 

Vacuum 

— 

Lithium 

L 

HB-6 

Vacuum 

... 

Lithium 

r 

HB-8 

Vacuum 

... 

Lithium 

^Destroyed  in  prototype  test  facility. 
bReturned  to  manufacturer  for  modification,  not  tested, 
cTemperature  for  failure  after  1000  hr  at  2x10'  N/m2 
(3000  psi) . 
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limit, 

°C 


880° 


880° 


930c 


980c 
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recommended  maximum  temperature.  The  recommended  maximum 
temperature  represents  the  maximum  temperature  for  which 
an  alloy  is  regarded  as  structurally  suitable  (Ref.  5). 


SECTION  II 
TEST  FACILITIES 

The  facilities  were  designed  with  the  capability  of 
testing  heat  pipes  in  the  temperature  range  of  500  to 
1000  ®C.  The  tests  were  to  be  conducted  in  a  vacuum  envi¬ 
ronment  for  space  applications  and  in  an  air,  corrosive 
gas,  and/or  water  vapor  environment  (exhaust  and  stack 
gases)  for  terrestrial  applications.  The  corrosive  gas 
and  water  vapor  tests  were  intended  for  second  or  third 
generation  pipes.  Therefore,  the  required  equipment  to 
introduce  a  particular  gas  or  combination  of  gaseB  into 
the  test  chambers  and  the  required  venting,  etc.,  for 
safety  considerations  was  not  incorporated  for  the  work 
described  herein. 

TEST  STANDS 

Each  of  the  two  test  stands  pictured  in  Fig.  1  con¬ 
sisted  of  two  instrument  cabinets  housed  side  by  side  in  a 
steel  frame.  Six  test  stations,  three  on  a  side,  were 
supported  on  opposite  sides  of  each  frame.  The  test  sta¬ 
tions  were  numbered  1  through  12,  starting  from  the  top 
left  of  the  left  stand.  Since  each  of  the  five  heat  pipe 
material  combinations  was  to  be  tested  in  a  vacuum  envi¬ 
ronment  as  well  as  an  air  environment,  Stations  1,  2,  3 
(Stand  1)  and  7,  8,  9  (Stand  2)  were  designated  as  vacuum 
test  stations.  The  remaining  Stations,  4,  5,  6  (Stand  1) 
and  10,  11,  12  (Stand  2)  were  operated  with  open  ports  on 
the  ends  of  the  chambers  to  permit  room  air  to  circulate 
by  convection  and  were  designated  as  air  environment 
stations . 

A  1000  liter/eec  Vac-Ion  pump  was  housed  in  the  base 
of  each  of  the  two  test  stands.  The  vacuum  stations  were 
connected  to  15.2  cm  diameter  manifolds  by  3.8  cm  diameter 
flexible  metal  hoses.  The  manifolds  were  installed  verti¬ 
cally  on  their  respective  Vac-Ion  pump  inlets.  Each  pump 
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FIGURE  1.  -  SUPERALLOY  HEAT  PIPE  TEST  FACILITY 
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was  capable  of  maintaining  a  vacuum  of  about  10  N/m 
-  fi 

(10  mm  of  Hg)  in  the  three  test  chambers  it  served 
while  the  heat  pipes  were  at  operating  temperatures. 

Because  Vac-Ion  pumps  will  not  start  at  pressures 
above  6xl0‘2  N/m2  (5xl0"4  mm  of  Hg) ,  two  500-liter/ 
sec  turbomolecular  pumps  (foreground  of  Fig.  1)  were  used 
as  forepumps.  These  pumped  down  from  atmospheric  pres¬ 
sure  to  about  10"4  N/m2  < 10“ 6  mm  of  Hg) . 

Five  individual  sets  of  controls  and  instrumentation 
can  be  seen  on  each  stand.  Since  there  were  only  five 
material  groups  of  heat  pipes,  only  five  of  the  six  cham¬ 
bers  on  each  stand  were  used]  three  vacuum  and  two  air  on 
the  left  stand,  and  two  vacuum  and  three  air  on  the  right 
stand.  While  all  twelve  chambers  were  installed,  only  ten 
control  panels  were  completed.  Eight  of  the  ten  were 
identical,  one  air  station,  6,  and  one  vacuum  station,  9, 
were  fitted  with  larger  capacity  powerstats  to  provide  a 
higher  heat  input  capability  for  those  pipes  which  showed 
high  heat  transport  promise.  They  were  located  in  a  lower 
panel  in  their  respective  stands  because  of  size  and 
weight.  Also  apparent  in  a  lower  panel  of  each  stand  is  a 
control  unit  for  each  of  the  respective  Vac-Ion  pumps. 

The  left  test  stand  is  pictured  in  Fig.  2.  In  the 
upper  left  corner  of  each  of  the  respective  control  panels 
can  be  seen  a  powerstat  to  regulate  power  input  to  the  heat 
pipe  evaporator  heater.  Below  it  is  a  panel  power  on-off 
switch,  indicating  light,  powerstat  on-off  switch,  fuse- 
holder,  ammeter,  and  voltmeter.  On  the  right  side  of  each 
panel  is  a  four  position  thermocouple  selector  switch  and 
a  temperature  indicating  meter  with  a  temperature  limiting 
pointer.  Visible  below  these  is  an  elapsed-time  meter, 
tamperature  moter  on-off  switch,  indicating  light,  and  the 
temperature  limit  relny  reset  button. 

Three  air  environment  test  stations  can  be  seen  on  the 
right  side  of  the  stand  in  Fig.  2.  The  top  and  bottom  sta¬ 
tions  have  the  chambers  removed  and  one  chamber  lies  on  the 
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floor.  The  chamber  end  plate  and  internal  structure  of 
each  station  were  supported  by  two  bolts  that  passed 
through  the  heavy  gauge  U-shaped  channel  at  its  far  end 
and  were  threaded  into  the  edge  of  the  end  plate,  top  and 
bottom.  In  a  vacuum  environment  station,  the  chamber  was 
bolted  to  the  end  plate  using  a  copper  gasket  as  a  Beal. 
For  an  air  environment  station,  the  chamber  was  bolted 
loosely  to  leave  about  a  half  centimeter  gap.  No  seal  was 
required.  The  assembly  was  also  supported  at  the  midpoint 
of  the  chamber  by  adjustment  screws  that  threaded  through 
the  near  end  of  the  U-shaped  channel  at  the  top  and  bottom. 

The  U-channel  was  pivoted  at  midpoint  of  the  assembly 
on  a  3.8  cm  diameter  stud  that  protruded  through  the  cen¬ 
ter  channel  of  the  test  stand  frame.  The  whole  assembly 
could  be  inclined  at  a  chosen  angle,  negative  or  positive, 
and  held  in  position  by  tightening  the  nut  on  the  end  of 
the  pivot  stud. 

Each  chamber  had  a  port  located  at  about  midpoint  of 
the  heat  pipe  evaporator  and  another  at  midpoint  of  the 
heat  pipe  condenser.  In  addition,  a  port  was  located  in 
the  center  of  the  end  plate  and  in  the  center  of  the  end 
of  the  chamber.  For  the  air  stations,  these  two  ports 
were  left  open  for  air  circulation,  but  for  vacuum  sta¬ 
tions,  vacuum  valves  were  fitted  to  both  ports.  A  3.8  cm 
diameter  flexible  metal  hose  was  connected  between  the  end 
plate  valve  and  vacuum  manifold  to  permit  inclination  of 
the  assembly  about  the  pivot  stud.  ThiB  valve  was  used  to 
isolate  the  particular  station  from  the  Vac-Ion  pump  Bys¬ 
tem  so  that  the  chamber  could  be  brought  up  to  atmospheric 
pressure  for  removal  and  installation  of  heat  pipes  with¬ 
out  disturbing  the  other  two  stations  on  the  same  vacuum 
system.  The  vacuum  valveB,  visible  on  the  chamber  ends  on 
the  left  side  of  the  test  stand,  Fig.  2,  could  be  connected 
to  one  of  the  turbomolecular  forepumps  by  a  flexible  metal 
hose  for  initial  pump-down  of  the  station  to  be  put  on 
test.  An  ionisation-type  vacuum  gauge  was  installed  on 


the  port  over  the  heat  pipe  evaporator  in  each  vacuum 
chamber  to  monitor  internal  pressure. 

Chambers  were  installed  tor  the  air  environment  tests 
to  "doubly  contain"  the  sodium  working  fluid.  Thus,  in 
the  event  of  pipe  wall  failure,  leaking  sodium  would  con¬ 
dense  on  the  cooler  chamber  surfaces  and  oxidize  rather 
than  spray  out  into  the  surrounding  area. 

The  uncovered  stations  4  and  6  in  Pig.  2  show,  right 
to  left,  the  end  plate,  the  evaporator  heater,  the  cooling 
water/support  tubes,  four  support  disks,  heat  pipe  support 
channel,  u-channel,  and  the  heat  extractor.  Not  shown  is 
a  cylindrical  insulation  added  to  the  adiabatic  section  of 
those  pipes  tested  in  air  and  described  later.  AIbo  not 
visible  in  Fig.  2  is  a  copper  disk  located  between  the  end 
plate  and  the  front  evaporator  heater  support  disk.  The 
copper  disk,  supported  by  the  cooling  tubes,  shielded  the 
back  of  the  end  plate  from  heat  radiation  from  the  evapo¬ 
rator  heater. 

In  addition  to  the  two  stainless  steel  coolant  tubes 
and  the  large  port  at  the  center  of  the  end  plate,  six 
small  feed-through  ports  that  could  be  vacuum  sealed  with 
copper  gaskets  were  welded  into  the  end  plate.  One  of  them 
was  used  as  a  feed-through  for  the  thermocouple  leads.  Two 
more  were  used  for  evaporator  heater  electrical  leads. 
The  remaining  three  were  spareB. 

The  two  cooling  tubes  not  only  supplied  coolant  to  the 
heat  extractor,  but  also  supported  the  internal  assembly. 
The  support  diBks  were  slipped  over  the  cooling  tubes  and 
positioned  to  support  each  end  of  the  evaporator  heater  and 
each  end  of  the  condenser  heat  extractor.  A  thin  gauge 
channel  can  be  noted  spanning  the  diameter  of  the  second 
disk  from  the  right.  This  channel  and  a  similar  one  fas¬ 
tened  to  the  facing  side  of  the  third  disk  supported  the 
heat  pipe.  The  channels  were  formed  of  the  same  material 
as  the  particular  heat  pipe  they  supported  in  order  to  pre¬ 
vent  transfer  of  any  deleterious  constituent  from  it  to  the 
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pipe  which  would  obscure  the  external  corrosion  mechanism 
in  metallographic  studies. 

At  the  near  end  can  be  seen  a  rectangular  fixture 
that  was  fabricated  in  two  halves  so  that  it  could  be 
clamped  onto  the  ends  of  the  coolant  tubes  with  bolts  to 
add  rigidity  to  the  structure.  Two  special  M0M-r ing-sealed 
adjusting  screws  can  be  observed,  one  on  the  top,  one  on 
the  bottom,  of  the  near  end  of  the  chambers.  After  the 
chamber  was  assembled  over  the  internal  structure  with  its 
heat  pipe  installed,  these  screws  were  adjusted  until  their 
ends  contacted  the  top  and  bottom  of  the  rectangular  fix¬ 
ture  to  add  additional  support  to  the  internal  structure. 

The  recirculating  cooling  system  serviced  both  test 
stands.  At  each  station,  part  of  the  coolant  flowed  into 
one  of  the  cooling  water/support  tubes,  through  the  heat 
extractor  coil,  and  out  the  other  tube.  The  rest  of  the 
coolant  was  directed  through  the  copper  coil  brazed  to  the 
outside  of  the  chamber  wall  over  the  area  of  the  heat  pipe 
evaporator  and  adiabatic  sections. 

EVAPORATOR  HEATER  -  AIR 

Components  of  the  original  heater  for  use  in  the  air 
environment  tests  are  illustrated  in  Pig.  3(a).  The  heat¬ 
ing  element  wire  was  wound  on  a  4.8  cm  diameter  by  35.5  cm 
long  tube  of  98  percent  alumina.  The  tube  was  cast  with  a 
0,32  cm  wide  by  0.16  cm  deep  helical  groove  from  each  end 
to  the  midpoint.  At  midpoint  was  a  0.64  cm  square  circum¬ 
ferential  groove.  Kanthal  A  resistance  wire  was  used  to 
wind  coils  in  the  helical  grooves  from  the  ends  of  the 
alumina  tube  toward  the  midpoint  groove.  The  ends  of  the 
two  coils  meeting  in  the  midpoint  groove  were  twisted 
together  and  lead  to  the  forward  end  of  the  heater  in  a 
small  alumina  tube.  The  leads  from  the  outer  ends  of  the 
coils  were  twisted  together  to  form  the  other  lead.  There¬ 
fore,  the  coils  operated  in  parallel.  A  separate  piece  of 
wire  was  wrapped  in  the  midpoint  groove  and  in  each  end 
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(a)  Heater  as  originally  designed. 

Figure  3.  -  Evaporator  heater  for  air  environment  stations 


groove  over  the  last  coil.  The  ends  were  twisted  toqether 
to  prevent  the  coils  from  looseninq. 

Each  half  of  the  wound  tube  was  covered  with  a  5.1  cm 
I.D.,  99  percent  alumina  tube.  This  assembly  was  then 
inserted  into  a  10  cm  O.D.,  vacuum  formed  insulating  tube 
of  asbestos-free  alumina-silica  fiber.  An  alumina  washer 
was  inserted  in  the  alumina  cover  tube  against  each  end  of 
the  grooved  tube.  Finally,  a  2.54  cm  thick  insulating 
washer  was  inserted  in  each  end  of  the  outside  insulating 
tube  to  decrease  heater  end  losses  from  direct  radiation. 

These  heaters  were  designed  to  produce  about  1200  w 
and  operate  to  1200  °C.  However,  when  tested  in  a  proto¬ 
type  facility  with  a  superalloy  304L  stainless  steel  heat 
pipe,  not  only  did  the  heater  collapse  into  a  melted  lump 
of  material,  but  extensive  external  reaction  destroyed  the 
heat  pipe.  Unfortunately,  chemical  or  metallurgical  anal¬ 
ysis  of  the  failure  was  not  made,  but  observation  suggested 
that  the  small  percentage  of  silica  present  in  the  grooved 
tube  was  primarily  responsible. 

A  second  evaporator  heater  was  constructed  using  a 
commercially  available  electric  heating  element  housed  in 
silica-free  alumina  (Electro-Applications,  Inc.  Model 
SK-113)  .  The  4.1  cm  I.D.  cylindrical  tube  was  comprised 
of  two  halves  as  shown  in  Fig.  3(b).  The  wire  ends  of 
each  half  were  twisted  toqether  so  that  the  two  halves 
operated  in  parallel  to  provide  1200  W.  The  unit,  capable 
of  temperatures  to  1200  °C  was  Inserted  into  the  10  cm  O.D. 
insulating  tube  of  cast  alumina-silica  fiber.  Two  layers 
of  heavy  gauge  aluminum  foil  were  wrapped  over  the  outside 
of  the  tube  followed  by  one  layer  of  alumina-silica  ceramic 
fiber  blanket  about  1.27  cm  thick.  Admittedly,  the  cast 
tube  and  the  blanket  contained  silica  but  they  operated  at 
a  much  lower  temperature  than  the  heater  core  of  the  origi¬ 
nal  heater.  The  whole  assembly  was  then  wrapped  with 
another  layer  of  aluminum  foil.  End  losses  were  minimized 
by  washers  ahout  5  cm  thick  machined  from  lava. 
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Figure  3.  -  Evaporator  heaters  for  air  environment  stations, 


Both  heaters  were  supported  and  centered  about  the 
heat  pipe  by  1.3  cm  long  stainless  steel  cylindrical  sec¬ 
tions  fastened  to  the  first  and  second  support  disks. 
While  a  few  failures  were  experienced  over  the  course  of 
the  tests,  the  heaters  as  a  whole  operated  satisfactorily 
as  long  as  15,000  to  23,000  hr  of  continuous  testing. 

EVAPORATOR  HEATER- VACUUM 

The  evaporator  heaters  for  the  vacuum  environment 
tests  required  a  different  design  from  those  for  the  air 


environment  tests.  Outgassing  the  insulating  tube,  the 
insulating  blanket,  and  the  several  closely-packed  layers 
would  have  been  time  consuming,  if  not  impossible.  There¬ 
fore,  the  heaters  were  constructed,  as  seen  in  Pig.  4, 
using  a  silica-free,  4.8  cm  diameter  alumina  tube  cast  with 
a  helical  groove  in  its  outer  surface.  Unlike  the  similar 
tube  of  the  first  air  heater  design,  it  had  a  continuous 
groove  the  full  33.8  cm  of  length.  A  0.10  cm  diameter 
molybdenum  (moly)  wire  was  wrapped  in  the  helical  groove. 
A  0.10  cm  diameter  tantalum  wire  was  wound  over  the  last 
turn  on  each  end  of  the  moly  coil  to  prevent  the  coil  from 
loosening  or  unraveling.  The  moly  element  wire  was  bent 
at  90°  where  it  came  off  the  last  turn  of  the  coil  to 
provide  a  short  length  of  lead  at  the  ends.  These  ends 
were  joined  to  0.15  cm  diameter  tantalum  wire  by  a  short 
coupling  crimped  over  the  ends  of  the  two  wires. 

The  heater  core  was  inserted  into  a  7.9  cm  diameter 
high  purity  alumina  cover  tube  that  extended  about  1.27  cm 
beyond  the  core  ends.  The  assembly  was  then  inserted  into 
a  radiation  shield  consisting  of  four  concentric  cylin¬ 
ders.  The  inner  two  were  fabricated  of  0.03  27  cm  thick 
moly  sheet.  Corrugated  strips  of  0.0127  cm  thick  moly 
.separated  the  innermost  cylinder  from  the  alumina  tube  and 
the  secotid  cylindrical  shield  from  the  first.  Because  of 
poor  ductility  oJ  moly,  the  two  inner  shields  could  not  be 
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(b)  Internal  parts. 

Figure  4.  -  Evaporator  heater  for  vacuum  environment  stations 


simply  dimpled  as  were  the  two  outer  0.020  cm  thick  stain¬ 
less  steel  cylinders  for  separation  spacing. 

The  innermost  heat  shields  to  prevent  end  losses  were 
disks  of  0.63  cm  thick  bdron-nitride.  Outside  these  were 
four  moly  disks,  each  0.012  cm  thick.  The  disks  were 
spaced  apart  by  small  moly  tabs  spot  welded  to  the  disks. 
The  heater  element  leads  were  electrically  insulated  from 
the  metal  end  shields  as  they  exited  the  assembly  by  short 
sections  of  high  purity  alumina  tube.  The  aft  lead  was 
brought  to  the  front  end  of  the  heater  in  a  length  of  the 
same  kind  of  tubing.  The  end  flanges  were  tied  together 
by  three  vee-shaped  connecting  strips  of  stainless  steel 
sheet.  The  heater  assemb1y  was  supported  on  each  end  by 
short  cylindrical  sections  welded  to  the  first  and  second 
support  disks. 

The  heaters  were  capable  of  operating  at  1200  w  which 
proved  to  be  greater  than  required  for  this  group  of  pipes. 
There  were  no  failures  among  the  five  heaterB  used.  Four 
operated  in  excess  of  25,800  hr  each. 

HEAT  EXTRACTOR 

The  heat  extractor,  as  originally  designed,  is  pic¬ 
tured  in  Fig.  5(a).  It  was  to  be  capable  of  removing 
about  600  W  from  the  condenser  section  of  a  1.27  cm  diam¬ 
eter  heat  pipe  by  conduction  from  the  pipe  wall  to  the 
cooling  water.  It  consisted  of  twelve  pairs  of  stainless 
steel  fingers  and  a  helical  coil  of  0.63  cm  diameter  cop¬ 
per  tubing.  Each  finger  was  ^2.5  cm  wide  and  2.86  cm  long. 
The  fingers  were  0.79  cm  thick  along  most  of  their  length 
for  strength  purposes.  In  order  to  provide  a  thermal 
resistance  between  the  condenser  and  the  heat  sink,  the 
thickness  was  decreased  to  about  0.24  cm  near  the  ends 
that  were  brazed  to  the  copper  coil.  A  0.63  cm  radius  was 
machined  into  the  inside  surfaces  to  accommodate  the  heat 
pipe  diameter.  Two  bolts  inserted  throuqh  one  side  of 
each  pair  and  threaded  'nto  the  other  were  used  to  draw 
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(a)  Conduction  model. 

Figure  5.  -  Heat  extractor  designs. 


the  fingers  against  the  condenser  section  of  the  pipe.  The 
copper  tube  was  coiled  with  a  double  lead  so  that  the  inlet 
and  outlet  connections  would  be  on  the  same  end.  The  heat 
extractor  was  supported  in  the  same  manner  as  the  evapo¬ 
rator  heater,  but  from  the  third  and  fourth  support  disks. 

The  fingers  could  be  sprung  out  of  contact  with  the 
heat  pipe  by  loosening  the  two  bolts  in  alternate  pairs, 
every  third  pair,  or  whatever  combination  was  necessary  to 
obtain  the  desired  heat  flow  rate  from  the  condenser.  With 
this  latitude  for  controlling  the  heat  flux,  it  was  hoped 
the  condenser  and,  therefore,  the  heat  pipe  could  be  set 
and  i.aintained  at  the  desired  operating  temperature.  The 
design  was  tested  in  the  prototype  facility  where  it  became 
evident  that  the  heat  transport  capability  of  the  super¬ 
alloy  pipes  would  require  only  a  fraction  of  the  heat 
extractor.  Thus  a  simpler  heat  extractor  would  be 
sufficient. 

A  simple  heat  extractor,  such  aB  the  one  shown  in 
Fig.  5(b),  was  used  during  the  test  program.  It  consisted 
merely  of  a  copper  tube  wound  in  a  helical  coil  of  the 
same  diameter  as  the  original  design.  The  coil  was  covered 
with  a  copper  cylinder  that  was  split  longitudinally  to 
permit  it  to  be  drawn  tightly  over  the  copper  coil  and 
secured  with  stainless  steel  hose  clamps.  Fairly  good 
contact  was  maintained  with  the  coil  in  this  manner.  Radi¬ 
ation  to  the  copper  cylinder  was  sufficient  to  cool  a  pipe 
for  these  heat  pipe  material  selection  tests. 

COOLING  SYSTEM 

A  schematic  sketch  of  the  cooling  system  is  shown  in 
Fig.  6.  It  was  a  recirculating  system  that  serviced  all 
twelve  superalloy  heat  pipe  test  stations  as  well  as  seven 
refractory  heat  pipe  test  stations.  Water  was  pumped  from 
a  422  liter  stainless  steel  reservoir  by  a  190  liter/min 
pump  through  a  heat  exchanger  to  the  heat  pipe  test  facil¬ 
ities  at  about  55  °C.  A  solution  of  ethylene  glycol  and 


water  was  circulated  through  the  h -at  exchanger  by  a  sec¬ 
ond  190  liter/min  pump  to  a  second  heat  exchanger  located 
outside  the  building.  The  temperature  of  the  cooling  water 
reaching  the  test  facilities  was  controlled  automatically 
by  a  motorized  valve  operated  by  a  coolant  outlet  tempera¬ 
ture  sensor.  The  valve  regulated  the  rate  of  ethylene 
glycol  solution  between  a  bypass  loop  and  the  second  heat 
exchanger.  The  complete  system  operated  continuously, 
trouble  free,  for  a  period  of  over  three  years. 

THERMOCOUPLE  INSTALLATION 

Five  24  gauge  chromel-alumel  thermocouples  were  spot 
welded  along  the  top  center  line  of  each  pipe  at  the  loca¬ 
tions  indicated  in  Fig.  7.  Thermocouple  no.  1,  and  the 
spare,  were  shielded  by  a  strip  of  the  same  material  as 
the  heat  pipe  itself  from  direct  radiation  from  the  evapo¬ 
rator  heater.  The  bare  thermocouple  wires  were  led  through 
two-hole  high  purity  alumina  tubes  to  a  point  about  50  cm 
from  the  evaporator  end  of  the  pipe.  The  tubes  were  held 
in  place  with  straps  of  the  same  material  as  the  respec¬ 
tive  pipe  material  that  were  spot  welded  to  the  pipe. 
From  this  point  to  a  terminal  strip  fastened  to  the  top 
cooling  tube,  the  wires  were  led  through  two-hole,  high 
purity  alumina  beads.  From  the  terminal  strip  out,  the 
wires  had  ordinary  glass  type  thermocouple  electrical 
insulation  and  were  terminated  at  the  selector  switch. 

Any  one  of  the  four  thermocouple  outputs  could  be  read 
on  the  panel-mounted  temperature  meter  during  data  taking. 
At  all  other  times  the  selector  switch  was  set  to  send  the 
output  of  thermocouple  no.  1  to  the  meter.  A  temperature 
limiting  pointer  on  the  meter  scale  could  be  set  to  the 
temperature  not  to  be  exceeded.  In  the  event  of 
over-temperature ,  a  relay  would  open  causing  electrical 
power  to  the  evaporator  heater  to  be  Bhut  off. 
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The  spare  thermocouple  was  connected  to  the  selector 
switch  in  the  event  that  thermocouple  no.  1  failed. 
Thermocouple  failures  were  generally  due  to  wire  breakage 
adjacent  to  the  spot-welded  junction  bead. 
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SECTION  III 
TEST  PROCEDURE 

PREHEAT 

Early  in  the  program  it  proved  difficult  or  impos¬ 
sible  to  start  up  some  of  the  heat  pipeB.  There  was  con¬ 
cern  that  during  manufacture,  the  working  fluid  may  have 
been  driven  to  the  condenser  end  where  it  solidified  and 
left  the  evaporator  dry.  Because  of.  the  low  thermal  con¬ 
ductivity  of  the  tube  materials,  not  enough  heat  could  be 
transported  at  start  up  to  liquefy  the  working  fluid  and 
allow  it  to  be  drawn  into  the  evaporator.  Therefore, 
before  installation  in  a  test  station,  each  pipe  was  "pre¬ 
heated"  in  a  bench  apparatus.  The  heat  pipe  was  suspended 
vertically,  evaporator  end  down,  in  the  center  of  a  5  cm 
diameter  open  tube.  A  1200  W  heat  gun  was  positioned  above 
the  tube  bo  that  hot  air  was  blown  down  the  tube  over  the 
heat  pipe.  The  heat  pipe  evaporator  temperature,  as  indi¬ 
cated  by  thermocouple  no.  1,  was  read  on  a  portable  poten¬ 
tiometer.  Hot  air  was  blown  over  the  heat  pipe  for  a 
minimum  of  2  hr  while  the  indicated  temperature  was  well 
above  the  melting  point  of  sodium,  98  °C,  or  lithium, 
186  °C .  In  this  manner  the  working  fluid  should  have  been 
fluid  enough  to  be  pulled  to  the  evaporator  end  of  the 
pipe  by  gravity. 

INSTALLATION 

A  pipe  was  installed  by  Bliding  it  through  the  heat 
extractor,  support  channels,  and  evaporator  heater,  until 
the  tip  of  the  evaporator  was  just  short  of  the  forward  end 
of  the  evaporator  heater.  The  two  pipe  support  channels 
were  adjusted  until  the  pipe  was  centered  in  the  heater 
and  heat  extractor. 

The  adiabatic  sections  of  those  pipes  installed  in  air 
stations  were  fitted  with  an  insulating  tube  similar  to  the 
one  surrounding  the  evaporator  heaters.  The  tube  was  split 


in  half  foe  installation  purposes.  It  was  held  in  place 
by  being  jammed  between  the  edges  of  the  heat  pipe  support 
channels.  Figure  8  shows  a  heat  pipe  in  operation  with 
one  half  of  the  insulating  tube  removed.  The  thermocouple 
wires  were  led  out  through  the  split  in  the  insulating 
tube  and  connected  to  the  thermocouple  terminal  strip.  A 
single  layer  of  aluminum  foil  was  wrapped  around  the  two 
halves.  A  piece  of  wire  wrapped  over  the  aluminum  foil  at 
each  end  and  twisted  held  the  unit  .together. 

The  chamber  was  then  carefully  drawn  over  the  assem¬ 
bly  and#  in  the  air  stations ,  bolted  loosely  to  the  end 
plate  leaving  a  small  gap.  In  the  vacuum  stations  the 
chamber  was  bolted  tightly  using  a  copper  sealing  gasket 
between  the  end  plate  and  the  chamber  flange.  The  adjust¬ 
ment  screws  at  the  near  end  of  the  U-channel,  Fig.  2,  were 
tightened  to  support  the  chamber.  Those  at  the  near  end 
of  the  chamber  also  were  adjusted  to  just  contact  the 
rectangular  fixture  inside. 

It  was  intended  to  operate  the  pipes  at  an  adverse 
tilt  (evaporator  up)  of  at  least  5°.  However ,  it  soon 
became  apparent  that  most  of  the  pipes  would  not  pump  the 
working  fluid  to  the  evaporator  at  anything  less  than  5° 
negative  (evaporator  down).  At  a  negative  tilt  the  work¬ 
ing  fluid  f lows  to  the  evaporator  helped  by  gravity.  As 
will  be  seen  later,  some  pipes  would  not  function  even  at 
this  favorable  tilt. 

OPERATION 

when  the  station  to  be  started  up  was  a  vacuum  sta¬ 
tion,  the  flexible  metal  hose  from  a  turbomolecular  pump 
was  connected  to  the  vacuum  valve  on  the  end  port  of  the 
chamber.  The  vacuum  valve  on  the  end  plate  was  in  the 
closed  position  to  isolate  the  particular  test  station 
from  the  Vac-Ion  pump  manifold  during  "bake-out".  The 
turbo-pump  was  started  and  as  the  chamber  pressure,  indi¬ 
cated  by  the  ionization  gauge,  decreased,  heater  power  was 
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increased.  Finally,  when  chamber  pressure  reached  about 
-2  2  -4 

6x10  N/m  (5x10  mm  of  Hg)  at  evaporator  operat¬ 
ing  temperature,  the  valve  to  the  turbo-pump  was  closed. 
If  the  chamber  pressure  was  maintained  with  both  valves 
closed,  the  station  was  assumed  to  be  baked  out  and  leak 
tight.  The  valve  on  the  end  plate  was  then  opened  to  the 
manifold.  Normally,  only  a  momentary  increase  in  manifold 
pressure  was  observed. 

Cooling  water  was  then  supplied  to  the  heat  extractor 
and  the  housing,  and  power  to  the  evaporator  heater  was 
adjusted  to  obtain  operating  temperature  at  thermocouple 
no.  1  on  the  heat  pipe  evaporator.  For  those  heat  pipes 
in  air  environment  stations,  initial  pump  down  and  "bake- 
out”  were,  of  course,  not  required.  Heater  power  and 
coolant  flow  were  gradually  increased  until  the  maximum 
operating  temperature  was  reached. 

Data  were  generally  recorded  once  each  day  and  con¬ 
sisted  of  visual  observation  of  the  pipe  color  through 
view  ports  and  hand  logging  of  current,  voltage,  tempera¬ 
ture  at  the  four  locations  on  the  pipe,  and  elapsed  time 
since  start  of  test.  For  vacuum  stations,  the  vacuum 
pressure  was  recorded  also. 

The  pipes  remained  on  test  until  failure  was  indi¬ 
cated,  either  by  the  appearance  of  oxides  of  lithium  or 
sodium  on  view  ports  and  other  structures,  or  by  a  change 
in  the  temperature  profile  or  color  pattern  of  the  pipe. 

After  a  pipe  failure  and  itB  removal  from  the  sta¬ 
tion,  any  lithium  or  sodium  oxide  was  cleaned  off  the 
internal  structure  and  the  inside  of  the  chamber  using 
isopropyl  alcohol.  On  occasion  a  small  puddle  of  lithium 
or  sodium  might  be  covered  over  with  oxide.  In  this  case, 
brief  squirts  of  alcohol  were  impinged  on  the  puddle  to 
disturb  the  oxide  and  cause  it  to  react  with  the  fluid 
slowly . 
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SECTION  IV 
RESULTS 


Although  superalloy  heat  pipe  testing  continued 
through  October  1981,  the  program  was  not  actively  pursued 
after  June  1979  due  to  the  loss  of  project  leaders  and  a 
shift  of  technological  emphasis  of  Lewis  Research  Center 
effort.  Unfortunately,  some  of  the  test  records,  metal¬ 
lurgical  specimens,  and  photos  ‘were  lost  or  misplaced 
between  1979  and  the  writing  of  this  report.  However,  the 
writers  have  attempted  to  reconstruct  the  results  to  the 
best  of  their  ability  from  existing  records,  data  logs, 
photos,  the  available  heat  pipes,  and  from  memory.  General 
conclusions  on  the  merits  of  each  material  group  will  be 
presented . 

PIPE  PERFORMANCE 

Since  materials  compatibility  was  the  prime  consid¬ 
eration  at  the  outset  of  the  program  rather  than  pipe 
performance,  the  pipes  were  fitted  with  only  four  thermo¬ 
couples.  However,  performance  comparisons  can  be  made 
between  the  sodium  filled  pipes  and  the  lithium  filled 
pipes  and  between  those  with  screen  wicks  and  those  with 
metal  fiber  wicks  from  the  temperature  profiles. 

Early  in  the  program  difficulty  was  experienced 
starting  up  the  pipes.  Therefore,  each  pipe  was  preheated 
on  the  bench  as  described  earlier.  Observation  of  the  data 


shows  that  preheating  made  little  or  no  noticeable  differ¬ 
ence  on  startup.  Most  of  the  pipes  were  operated  at  a 
favorable  tilt.  The  evaporator  end  was  8  to  10  cm  below 
the  condenser  end  in  an  attempt  to  improve  startup  and 
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temperature  profile.  A  favorable  tilt  seemed  to  help  some 
pipes  slightly.  A  few  sodium  pipes  with  screen  wicks,  L-2, 
L-8,  and  S-l,  performed  as  well  at  an  adverse  tilt  of  5  to 
10°  as  they  did  at  a  favorable  tilt  of  the  same  amount. 
The  sodium  pipes  with  metal  fiber  wicks  had  to  be  operated 


3 


at  a  favorable  tilt  because  of  liquid  flow  resistance  and 
variation  of  wick  uniformity.  Even  a  favorable  tilt  of  up 
to  15°  did  not  alter  the  profiles  of  the  lithium  filled 

pipes. 

Fiqure  9  presents  representative  temperature  profiles 
during  startup  of  the  sodium  pipes.  The  Profiles  are 
plotted  for  several  levels  of  increasinc  input  power  to 
the  evaporator  heater.  The  power  numbers  ate  onlv  meant 
to  illustrate  relative  values  as  no  attempt  was  made  to 
determine  the  actual  heat  transported  down  the  pipes.  The 
indicated  temperatures  at  T^ ,  .  t2,  ,  and  TA  are 
plotted  and  connected  toqether  with  straioht  lines  for 
convenience.  Pipe  temperatures  between  these  points  pro¬ 
bably  do  not  lie  on  the  lines. 

The  profiles  in  Fig.  9(a)  are  from  the  data  of  a  304L 
stainless  steel  pipe  (1.-2)  which  had  a  screen  wick  of  200 
mesh.  The  profiles  in  Fig.  9(b)  are  plotted  from  the  data 
of  Hastalloy  B  pipe  HB-1,  which  had  &  metal  fiber  wick.  A 
pipe  was  considered  to  be  "started"  and  operating  as  a  heat 
pipe  when  T^-T^  was  less  than  30  °C,  For  the  sodium 
pipes  the  temperature  indicated  at  Tj ,  5  cm  from  the 
evaporator  end  cap,  had  to  reach  about  640  to  670  °C  before 
the  pipe  started.  Start  up  did  not  seem  to  be  affected  by 
the  rate  at  which  power  was  increased.  For  instance,  if, 
when  power  was  initiated,  it  was  set  immediately  at  a  level 
which  would  rapidly  hrinq  t^  to  800  °C  when  eouil ibr ium 
was  reached,  the  pipe  would  start  when  Tj  passed  throuah 
about  640  °C.  If  on  the  other  hand,  power  was  initially 
set  at  a  level  which  at  equilibrium  produced  a  temperature 
at  Tj  of  sov  600  0C,  would  remain  substan¬ 
tially  greater  than  that  of  a  started  pipe.  When  power 
was  then  increased  and  reached  about  640  °C  the  tem¬ 
peratures  at  T^  and  would  suddenly  Increase  to  qive 
a  relatively  flat  started  pipe  profile.  Further  increases 
in  power  would  result  in  &  Mqher  and  hiqher  profile  until 
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the  target  temperature  at  T^  for  the  particular  pipe 
material  was  reached. 

Start  up  temperature  profiles  for  two  of  the  lithLum 
pipes  can  be  seen  in  Fiqs.  10(a)  and  (h) ,  The  profiles  in 
Fig.  10(a)  are  for  a  310S  stainless  steel  pipe  (S-7)  which, 
like  the  sodium  pipe  of  Fig.  9(a),  had  a  screen  wick. 
Similar  profiles  are  observed  for  the  Haynes  188  pipe 
(HA-4)  plotted  in  Fig.  10(b).  Pipe  HA-4,  like  HB-1  of 
Fig.  9(b),  had  a  metal  fit -*r  wick.  These  two  profile 
plots,  representing  the  best  of  those  for  lithium  pipes, 
indicate  that  the  pipes  were  operating  poorly  at  the  tem¬ 
peratures  reached.  If  higher  evaporator  temperature  had 
been  achieved,  flatter  profiles  might  have  been  attained 
in  the  lithium  pipes.  A  subsequent  section,  Analysis  of 
Performance,  deals  with  this  matter  further. 

Sodium  pipes  started  up  and  worked  well  with  both 
metal  fiber  wicking  and  screen  wickingj  lithium  pipes  did 
not  work  well  with  either  type  of  wick.  It  may  be  con¬ 
cluded,  therefore,  that  the  poor  operation  was  due  to  the 
working  fluid  and  not  the  type  of  wick. 

The  steady  state  temperature  profiles  on  Figs.  11(a) 
through  (e)  show  that  all  14  pipes  with  sodium  as  the 
working  fluid  did  function.  Those  with  screen  wicks  of 
200  mesh  (L-2  and  L-3)  and  100  mesh  (L-8)  (Fig.  11(a)), 
seemed  to  provide  a  slightly  flatter  profile  and  were  more 
consistent  than  those  having  60  mesh  screen  wicks  (S-l  to 
S-3)  (Fig.  11(b)),  All  the  pipes  having  screen  wicks 

appeared  to  perform  better  than  those  with  metal  fiber 
wicks  (Figs.  11(c)  to  (e)).  Pipe  HA-8  (Fig.  11(d)), 

appears  to  represent  a  case  of  a  damaged  or  improperly 

installed  wick. 

Steady  state  profiles  along  lithium  pipes  are  shown 
in  Fig.  12.  Those  for  310S  stainless  steel  pipes,  S-7, 
S-8 ,  and  S-9  which  had  60  mesh  screen  wicks  are  essentially 
the  same  as  those  for  the  pipes  with  metal  fiber  wicks. 
Since  the  pipes  were  heated  along  the  30.5  cm  long 
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Figure  10,  -  Representative  temperature  profiles  during  start-up,  lithium  working 
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evaporator,  one  might  expect  the  indicated  temperature  at 
T2  to  be  due  to  heat  conduction  down  the  pipe  walls. 
However,  in  Section  V  evidence  ie  presented  to  indicate 
that  the  observed  performance  is  possibly  all  that  might 
have  been  attainable  at  the  temperatures  reached. 


COMPATIBILITY 

The  intended  application  for  the  sodium  pipes  was  to 
be  for  low  temperature  thermionic  topping  cycles  in  ter¬ 
restrial  power  plants.  Therefore,  the  external  oxidation/ 
corrosion  rate  in  air  was  investigated  in  addition  to  the 
internal  corrosion  rate  off  the  working  fluid.  All  hut 
three  of  the  sodium  pipes  were  tested  in  an  air 
environment. 

The  Intended  application  for  the  lithium  pipes  was  in 
low  power  thermionic  space  systems.  Therefore,  the  lith¬ 
ium  pipes  were  tested  in  a  vacuum  environment.  Thus  the 
evaporation  rate  of  the  constituents  of  the  pipe  materials 
could  be  studied  at  the  same  time  as  the  internal  corrosion 
rate  of  lithium  on  the  materials.  No  pipes  constructed  of 
3G4L  stainless  were  filled  with  lithium  because  the  liter¬ 
ature  already  indicated  poor  compatibility  with  this  com¬ 
bination.  However,  three  sodium  304L  pipes  were  included 
with  the  vacuum  group. 


Air  Environment 

A  brief  summary  of  the  pipes  tested  in  air  is  given 
in  Table  3.  Pour  pipes  are  listed  with  the  304L  group 
because  two  of  them  were  used  for  testing  evaporator 
heaters  for  the  air  tests  in  a  prototype  facility  and  were 
inadvertently  destroyed.  One  of  the  Haetailoy  X  pipes, 
HX-8,  was  returned  to  the  manufacturer  unused  to  have  the 
metal  fiber  wick  replaced  with  a  screen  wick  and  the  pipe 
filled  with  lithium.  The  program  was  terminated  before 
HX-8  could  be  returned  and  put  on  test. 


TABLE  3 

AIR  ENVIRONMENT  RESULTS 


Material- 

Test 

Maximum 

Cause  of  failure 

pipe 

time, 

temperature, 

number 

hr 

°C 

304L 

L-l 

0 

-  -  -  - 

Destroyed  in  prototype  heater  testB 

L-2 

2,100 

880 

External  corrosion  of  evaporator  wall. 

L-7 

0 

a*  «*  m 

Destroyed  in  prototype  heater  teste 

L-8 

4,070 

900 

External  corrosion  of  evaporator  wall 

3 10S 

S-l 

25,417 

685 

No  failure 

S-2 

1,492 

925 

External  corrosion  due  to  heater  overtemp. 

S-3 

16,874 

880 

No  failure 

Haatalloy  X 

HX-7 

29,657 

1000 

No  failure 

HX-8 

•*•■««« 

Returned  to  manufacturer  for  screen  wick 

HX-9 

11,557 

925 

No  failure 

Haynes  188 

HA-5 

22,574 

920 

No  failure 

HA- 6 

2,324 

990 

Crack  in  evaporator  wall 

HA-8 

15,982 

965 

No  failure  apparent  -  pipe  never  pumped 

Haatalloy  B 

HB-1 

1,186 

1000 

External  corrosion  at  evaporator  end  weld 

HB-2 

14,445 

1020 

No  failure 

HB-3 

547 

910 

External  corrosion  at  evaporator  end  weld 

The  teat  times  listed  are  total  hours  of  operation 
and  were  not  necessarily  continuous.  Shutdowns  due  to 
power  interruption,  over-temperature,  heater  failure, 
thermocouple  failure,  etc.,  were  inevitable  over  the  long 
testa.  The  maximum  temperatures  listed  were  those  indi¬ 
cated  by  thermocouple  no.  1  (T^  over  at  least  a  24  hr 
period . 

The  evaporator  sections  of  ten  of  the  fourteen  pipes 
tested  in  air  are  shown  in  Fig.  13.  Pipe  S-2  of  the  310S 
group,  pipe  HA-8  of  the  Haynes  188  qroup,  and  pipe  HB-2  of 
the  Hastalloy  B  group  were  lost  or  misplaced  between 
removal  from  the  test  stands  and  this  writing,  making  fur¬ 
ther  inspection  of  these  three  pipes  impossible. 

The  oxidation  of  the  surface  varied  with  the  material 
involved.  For  instance,  heavy  external  oxidation  was  evi¬ 
dent  on  both  304L  pipes.  Between  5  and  25  cm  from  the 
evaporator  end  the  wall  thickness  of  each  was  reduced  con¬ 
siderably.  The  wall  of  pipe  L-2  became  so  thin  a  crack  or 
hole  developed  that  may  have  allowed  sodium  to  escape 
rapidly,  The  evaporator  heater  failed  at  the  same  time, 
indicating  the  escaping  sodium  may  have  ignited  forming  a 
hot  torch  for  a  short  period.  A  thick,  porous,  metallic 
deposit  coated  the  first  13  cm  of  the  evaporator.  X-ray 
diffraction  analysis  showed  the  deposit  material  to  he 
iron  oxide.  Iron  is  the  larqest  constituent  of  304L 
Btainless  steel. 

Oxidation  also  caused  a  leak  in  pipe  L-8  about  13  cm 
from  the  evaporator  end.  The  wall  thickness  in  this  area 
was  reduced  from  0.2  cm  to  about  0.08  cm.  The  leak  rate 
was  prohably  slower  than  that  of  L-2  so  that  sodium  vapor 
oxidized  as  it  escaped  and  condensed  on  cooler  surfaces. 

'"he  extent  of  external  oxidation  can  be  seen  more 
clearly  in  Fig.  14.  Figure  14(a)  presents  a  cross  section 
of  the  evaporator  at  the  location  of  thermocouple  no.  1, 
5  cm  from  the  evaporator  end  along  with  a  cross  section  at 
about  3.8  cm  from  the  condenser  end.  Figure  14(b)  shows 
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(b)  External  coating  and  scaling,  evaporator 
END,  PIPE  L-2. 

Figure  14.  -  External/internal  corrosion  in 
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the  thick  deposit  on  the  evaporator  end.  The  temperature 
recorded  by  T ^  ran  as  high  as  800  to  830  °C  while  that 
near  the  cut  through  the  condenser  registered  only  about 
40°  less,  hardly  enough  difference  to  cause  such  a  great 
disparity  in  external  oxidation.  Further,  examination  of 
a  cross  section  taken  near  the  downstream  end  of  the  evap¬ 
orator  showed  the  wall  thicknesB  to  be  nearly  the  same  as 
that  in  the  condenser.  From  an  enlargement  of  Fig.  14(a) 
measurements  were  made  of  the  original  wall  thickness  of 
the  condenser  section  and  the  expanded  wall  thickness  and 
remaining  wall  thickness  of  the  evaporator  section.  Cal¬ 
culations  using  these  measurements  show  that  probably  all 
the  iron  is  accounted  for  between  what  remains  in  the  inner 
wall  of  the  evaporator  and  that  combined  with  oxygen  to 
form  the  iron  oxide  of  the  outer  wall.  In  other  words, 
nothing  has  left  the  pipe  and  nothing  has  been  deposited 
on  it  from  the  evaporator  heater. 

The  surface  of  the  adiabatic  and  condenser  sections 
of  both  L-2  and  L-8  had  only  a  thin  black  coating.  The 
hypothesis  might  be  made  from  these  observations  that  the 
evaporator  oxidation  resulted  from  radiative  heating.  The 
heating  elements  operated  at  a  very  high  temperature  to 
maintain  the  heat  pipe  evaporator  at  800  °C.  Molecular 
oxygen  in  contact  with  the  hot  heater  elements  may  have 
partially  dissociated  into  atomic  oxygen.  Atomic  oxygen 
would  be  more  reactive  with  the  iron  constituent  of  the 
pipes.  The  pipe  surfaces  outside  the  heater  would  come  in 
contact  with  molecular  oxygen  only  and,  therefore,  be  sub¬ 
jected  to  less  serious  oxidation. 

Figure  14(c)  shows  a  longitudinal  section  of  the  evap¬ 
orator  end  of  pipe  L-2,  The  necking-down  of  the  screen  and 
tube  on  the  right  was  caused  by  a  tubing  cutter.  The  light 
colored  area  adjacent  to  the  internal  surface  is  due  to 
light  reflection  during  photography.  There  was  no  evidence 
of  sodium  attack  on  either  wick  or  pipe  surfaces 
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(c)  Longitudinal  section  of  evaporator  end 
of  304L  pipe  L-2. 


Figure  14.  -  External/internal  corrosion  in 
STAINLESS  STEEL  304  PIPE. 
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The  next  two  pipes  in  Fig.  13  are  310S  stainless 
steel.  A  thin  black  film  covered  most  of  pipe  S-l  with 
some  slight  roughness  of  the  external  surface  of  the  evap¬ 
orator  section.  Pipe  S-3  had  no  coating  on  the  adiabatic 
or  the  condenser  sections  but  the  surface  of  the  evaporator 
was  spattered  with  small,  hard  particles  about  a  millimeter 
in  diameter.  It  is  noteworthy  that  the  small  amount  of 
oxidation  on  these  pipes  occurred  over  a  period  of  25,000 
and  16,000  hr,  respectively,  at  temperatures  to  880  °C. 

The  absence  of  attack  by  the  working  fluid,  sodium, 
on  internal  surfaces  of  pipe  S-l  is  evident  in  the  longi¬ 
tudinal  section  of  the  evaporator  end,  Fig.  15.  This  was 
typical  of  3108  pipes  with  sodium.  No  failure  occurred  in 
S-l  or  S-3  i  noth  were  shut  down  when  testina  was  termi¬ 
nated  in  November  1981.  Pipe  S-2,  Table  2,  failed  due  to 
over-temperature  off.  the  evaporator  when  the  heater  failed 
to  shut  down  and  not  by  external  oxidation  or  sodium 
corrosion. 

The  next  two  pipes  in  Pig.  13  are  Hastalloy  X  pipes 
HX-7  and  HX-9.  Neither  had  failed  when  the  facilities  were 
shut  down.  Both  pipes  had  a  very  thin,  smooth,  black  coat¬ 
ing  over  the  entire  Lenqth.  There  was  very  little  rough¬ 
ness  on  the  evaporator  surface. 

A  longitudinal  section  and  a  cross  section  of  the 
evaporator  end  of  HX-7  is  pictured  in  Fig.  16.  The  metal 
fiber  wick  in  this  end  of  the  pipe  did  not  have  a  cylin¬ 
drical  shape.  Adverse  temperature  profile  changes  indi¬ 
cate  that  deformation  of  the  wick  may  have  bequn  around 
7500  hr  into  the  test.  However,  the  deformation  could  have 
occurred  during  manufacture.  Observation  of  Fia.  16  will 
show  that  typically,  sodium  had  no  effect  on  internal 
surfaces  of  Hastalloy  X  pipes. 

The  two  Haynes  188  pipes,  HA-5  and  HA-6  exhibited 
strong  resistance  to  oxidation.  As  seen  in  Fiq.  13,  both 
had  a  very  thin,  hard,  smooth,  black  film  over  the  entire 


external  surface.  There  were  no  deposits  or  humps  and  no 
erosion  or  roughness  on  the  evaporator  sections. 

A  longitudinal  section  of  the  end  of  the  evaporator 
or  HA-6  can  be  seen  in  Pig.  17.  The  photo  clearly  shows 
no  evidence  of  sodium  attack  on  the  internal  surfaces  of 
the  tube  nor  on  the  metallic  fiber  wick.  The  dark  color 
of  the  bottom  section  of  the  tube  is  due  to  polishing  and 
lighting  effects. 

Pipe  HA-6  was  the  only  sodium  filled  Haynes  188  pipe 
to  fail.  Failure  was  obvious  from  the  soft  white  sodium 
oxide  deposits  on  cool  surfaces  inside  the  test  housing 
such  as  view  ports  and  cooling  water  supply  tubes.  Cracks 
in  the  tube  wall  near  the  evaporator  end  were  suspected  of 
causing  the  leakage  of  working  fluid,  but  the  exact  loca¬ 
tion  was  not  definitely  determined.  One  suspicious  area 
is  shown  in  Fig.  18.  Cracks  just  above  and  below  the  dark 
area  may  extend  to  the  inner  surface  of  the  pipe.  The 
small  diameter  white  tube  along  the  top  of  the  pipe  is  the 
alumina  tube  carrying  the  thermocouple  wires  to  T.  , 
Tj.  is  located  under  the  shield  to  the  left.  Unfortu¬ 
nately,  the  loss  of  the  pieces  cut  from  the  pipe  in  the 
area  of  the  cracks  for  metallurgical  examination  precludes 
further  observation  at  this  writing. 

Two  of  the  three  Hastalloy  B  pipes  operated  in  an  air 
environment,  HB-1  and  HB-3,  are  shown  in  Fig.  13.  These 
pipes  operated  for  1186  and  547  hr,  respectively.  The 
adiabatic  and  condenser  sections  of  both  had  a  thin, 
smooth,  hard,  black  film  on  the  surface.  The  evaporator 
surface  area  of  HB-1  was  roughened  slightly,  but  the  first 
21.6  cm  of  HB-3  were  deeply  pitted  and  the  diameter  was 
reduced  somewhat  along  the  first  half. 

Figure  19(a)  shows  the  end  of  the  evaporator  of  HB-1 
as  removed  from  the  test  station.  A  knob  of  rough  mate¬ 
rial  covered  the  end  except  for  a  hole  through  the  pipe. 
ThiB  material  was  probably  sodium  oxide  since  it  w.ss 
washed  away  with  cooling  water  when  the  end  pictured  in 


Pig.  19(h)  was  heinq  cut  from  the  pipe  with  an  abrasive 
wheel.  With  the  pipe  tilted  evaporator  end  down  durinn 
testinq,  a  puddle  of  sodium  could  exist  on  the  bottom  at 
the  end.  Since  there  was  little  or  no  sodium  attack  of 
the  internal  surfaces  as  evident  in  Pig.  20,  the  hole 
prohably  was  not  initiated  from  the  inside.  Considering 
the  nature  of  the  hole  formed  and  the  large  knob  of  sodium 
oxide  covering  the  end,  one  might  theorize  that  after  an 
initial  crack  or  hole  caused  by  external  oxidation,  a  torch 
was  formed  and  burned  out  the  observed  hole.  However,  the 
orientation  of  the  pipe  in  the  teat  facility  1b  unknown. 

A  cross  section  of  the  pipe  and  wick  at  the  T, 
location  is  shown  in  Fig.  20(h).  Again,  no  pronounced 
effect  of  sodium  on  the  Hastalloy  F  materials  can  be  seen. 

No  reason  for  removing  pipe  HR-2  from  the  test  sta¬ 
tion  was  recorded.  However,  poor  temperature  profile  and 
loss  of  a  thermocouple  mav  have  been  responsible.  The  data 
show  that  the  pipe  performance  (temperature  profile)  dete¬ 
riorated  after  the  pipe  was  removed  for  replacement  of  a 
thermocouple  at  ahout  2900  test  hr.  The  recorded  noteB  do 
not  show  failure  of  the  pipe  and,  as  mentioned  earlier, 

HB-2  is  not  availahle  for  further  observation. 

Pipe  HB-3  failed  in  the  same  place  as  HB-1  except 
that  the  hole  formed  was  not  so  larae. 

Vacuum  Environment  ] 

Total  test  hours,  maximum  temperatures  experienced,  ! 

and  causes  of  failure  for  the  fourteen  pipes  tested  in  a 
vacuum  environment  are  summarized  in  Table  4,  As  can  h© 

r 

seen  in  Fig.  21,  the  evaporator  ends  are  free  of  external 

oxidation,  hut  some  discoloration  appears  due  to  vapor  . 

transport  from  hotter  components  of  the  heater. 

Neither  of  the  304L  r>ipes,  L-3  or  I.-9,  failed  in 
29,000  and  23,000  hr,  respective] v.  As  mentioned  earlier 
thev  were  sodium.  Results  in  air  environment  showed  fail-  ) 

ure  was  due  to  external  oxidation.  The  vacuum  environment 
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TABLE  4 

VACUUM  ENVIRONMENT  RESULTS 


Material' 

Teat 

Maximum 

pipe 

time, 

temperatui 

number 

hr 

•C 

304L 

L-3 

29,187 

890 

L-9 

23,305 

910 

3108 

S-7 

1,145 

860 

S-8 

.  1,223 

860 

S-9 

*28,430 

900 

Haotalloy  X 

Hx-a 

443 

910 

HX-3 

754 

940 

HX-11 

1,143 

960 

Haynes  188 

HA-1 

97 

“980 

HA-  a 

273 

840 

HA-4 

27,286 

983 

Hastailoy  B 

Ha- 5 

606 

960 

HB-6 

332 

,970 

HB-8 

433 

“980 

Cause  of  failure 


No  failure 
No  failure 


Craoka  at  end  oap  weld 
Craek  through  end  cap 

Circumferential  crack  near  downstream  end 
evaporator 


Lithium  attack  of  wiok«  evaporator  blockage 
Lithium  attack  of  wick,  craoka  at  end  cap  weld 
Lithium  attack  of  wick*  evaporator  blockage 


.  Radial  oeaeka  adjacent  to  aaam  weld 
Cracks  in  end  cap  weld  and  aaam  weld 
Failure  not  apparent 


Severe  lithium  attack  of  wiok  and  end  oap 
Severe  lithium  attack  of  wick  and  end  cap 
Severe  lithium  attack  of  wick,  end  cap  and  wall 


?  ~  total  houra  at  teat  temperature,  time  of  failure  not  known 
0  «  estimated  temperature 


(a)  Cross  section  of  evaporator  tip 
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(b)  Cross  section  at  T]_. 

Figure  20.  -  Sections  of  Hastalloy  B  pipe 


left  the  external  surfaces  clean  and  without  anv  oxida¬ 
tion,  while  the  compatibility  with  sodium,  as  illustrated 
in  the  air  pipes  (Fig.  14(c)),  precluded  internal  failure. 

All  three  310S  stainless  steel  pipes,  S-7,  S-8,  and 
S-9  failed  due  to  cracks  in  the  evaporator  wall  or  the 
evaporator  end  cap.  A  longitudinal  section  of  S-8  can  he 
seen  in  Fig.  22.  The  spherical  shapes  on  the  wick  are 
merely  air  pockets  in  the  plastic  pottiny  material  used  to 
mount  the  sample  for  metallurgical  examination.  The  micro¬ 
scopic  circumferential  cracks  observed  adjacent  to  the  end 
cap  weld  that  caused  failure  are  too  small  to  he  seen  in 
the  Polaroid  photo.  However,  the  extent  of  lithium  attack 
is  evident. 

Failure  of  pipes  s-7  and  S-8  was  obvious  at  about 
12C0  hr  into  the  test  by  the  appearance  of  lithium  oxide 
on  cool  surfaces  such  as  viewports.  Therefore,  these  sta¬ 
tions  were  shut  down  and  the  pipes  were  removed.  No  such 
deposits  were  observed  in  the  case  of  S-9  and,  since  the 
temperature  profile  was  so  poor  from  the  st'.rv  time  of 
failure  was  not  apparent.  S-9  remained  on  teui.  until  all 
facilities  were  shut  down.  When  the  pipe  was  removed  just 
prior  to  this  writing,  lithium  oxide  waB  found  deposited 
on  the  internal  structure  of  the  test  station,  A  circum¬ 
ferential  crack  observed  near  the  downstream  end  of  the 
evaporator  is  believed  to  be  the  cause  of  the  lithium  leak. 

The  pipes  constructed  of  Hastalloy  X  exhibited  very 
poor  compatibility  with  lithium.  HX-2  and  HX-11  failed 
when  lithium  attack  penetrated  far  enough  into  the  evapo¬ 
rator  ends  of  the  pipes  to  cause  leakage.  The  extent  of 
the  lithium  attack  can  be  observed  on  the  three  photos  of 
the  evaporator  end  section  of  HX-11,  Fig.  23.  The  three 
spheres  in  Fig.  23(a)  are  air  bubbles  in  the  potting  plas¬ 
tic  used  to  mount  the  section  for  metallographic  polishing. 
The  area  of  lithium  penetration  has  a  porcus  cellular 
appearance  much  like  a  sponge.  The  attack  penetrated  to 
about  0,15  cm  (Fig.  23(b)  and  (c) ) .  Apparently,  failure 


(a)  Longitudinal  section.magnification  6X 


Cb)  Evaporator  end  cap  joint,  ma 

100X, 

Figure  22,  -  Longitudinal  secti 
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(a)  Longitudinal  section  of  evaporator  end. 

Figure  23.  -  Lithium  attack  on  internal  sur¬ 
faces  OF  EVAPORATOR  END  OF  HASTALLOY  PIPE 

HX-11. 
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occurred  when  the  pipe  wall  or  end  cap  became  thin  enough 
to  permit  leakage  of  lithium.  The  same  lithium  attack  was 
also  evident  in  HX-5,  except  that  leakage  was  due  to  a 
crack  adjacent  to  the  end  cap  weld  as  shown  in  Fig.  24. 

Even  before  actual  leakage  occurred,  a  curious  jr  .eno- 
menon  was  taking  place  in  the  evaporators  of  these  Hastal- 
loy  pipes.  Lithium  attack  of  the  metal  fiber  wick  and 
subsequent  transport  of  the  wick  material  to  an  area  about 
5  to  7  cm  long  and  centered  at  'v-lO  cm  from  the  evapo¬ 
rator  tip,  caused  a  venturi-shaped  constriction.  The 
build-up  in  HX-11  completely  closed  off  the  evaporator  at 
this  point.  The  first  10  cm  were  thus  isolated  from  the 
rest  of  the  pipe.  A  cross  section  through  the  blocked 
area  is  shown  in  Fiq.  25(a).  The  extent  of  this  constric¬ 
tion  in  the  case  of  HX-2  is  shown  in  Fig.  25(b).  Only  a 
smell  hole  was  left  in  the  center  of  the  deposit.  More 
will  be  discussed  concerning  the  nature  of  this  type  of 
deposit  under  the  paragraphs  relating  to  the  Hastalloy  B 
pipes. 

Two  of  the  Haynes  188  lithium  pipeB,  HA-1  and  HA-2, 
failed  after  very  few  test  hours.  Both  failures  were  due 
to  cracks  in  the  wall  adjacent  to  the  seam  weld,  or  adja¬ 
cent  to  the  tube-to-end  cap  weld.  Figure  26(a)  shows  a 
typical  wall  crack  and  Fig.  26(b)  is  a  photomicrograph  of 
cracks  penetrating  into  the  tube  wall  from  the  external 
surface. 

No  such  cracking  occurred  in  HA-4  and  no  lithium 
oxide  deposits  were  observed  on  the  test  station  structure 
when  the  pipe  was  removed.  Apparently,  this  pipe  did  not 
fail.  As  with  the  other  lithium  filled  pipes,  the  temper¬ 
ature  profile  was  very  poor  from  the  beainning  so  that  no 
change  indicating  failure  was  apparent.  Figure  27  is  a 
view  of  a  longitudinal  section  of  the  evaporator  end  of 
Haynes  188  pipe  HA-4.  It  is  typically  free  of  attack  by 
lithium.  Pipr  HA-4  was  on  test  for  over  27,000  hr. 


IFERENT 
,D  IN  H, 


Bl'.'  -_  1  '^SctF'v' ^ *! ,. ^ 

ft;, '  ^SShh  &:& 

v.p/.  .VX;^'#S' .'!:  • 

(b)  Cross  section  through  const 
TION  IN  EVAPORATOR  OF  HX“2 , 


(a)  Cross  section  through  constric- 
>  TION  IN  EVAPORATOR  OF  HX~ 11, 


Figure  25.  -  Blockage  of  internal  evaporator  area  in  Kastalloy  X  pipe 


(a)  Cracks  in  external  surface, 
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Figure  27.  -  Longitudinal  section 
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As  with  the  Hastalloy  X  qroup,  the  Hastalloy  B  heat 
pipes  were  extremely  sensitive  to  lithium  corrosion.  The 
extent  of  the  corrosion  is  apparent  in  Fiqs.  28  through 
30.  Again,  the  spherical  shapes  are  air  bubbles  in  the 
potting  plastic  and  have  no  bearing  on  the  results.  In 
some  of  the  Polaroid  photos,  the  penetrated  area  appears 
darker  than  the  surroundings.  This  effect  is  due  only  to 
the  angle  of  lighting  when  the  photo  was  taken. 

A  leak  developed  through  the  center  of  the  end  cap  of 
pipe  HB-5,  as  seen  in  Pig.  28(a),  because  lithium  had  pene¬ 
trated  to  within  about  one  half  millimeter  of  the  outside 
surface.  The  depth  of  the  lithium  corrosion  into  the  end 
cap  and  tube  wall  can  be  seen  in  Fig.  28(b).  Failure  of 
pipe  HB-6  occurred  in  exactly  the  same  way.  Figure  29(a) 
shows  how  lithium  has  removed  some  of  the  material  from  the 
end  cap  of  HB-6  and  left  a  considerable  depth  of  voids. 
The  lithium  oxide  visible  on  the  outside  surface  of  the  end 
cap  is  over  the  area  of  leakage.  The  manner  in  which  lith¬ 
ium  attack  progresses  into  the  grain  boundaries  can  be 
viewed  in  Fig.  29(b).  This  photo  clearly  shows  the  joint 
between  end  cap  and  tube,  and  the  weld. 

In  most  cases,  the  pronounced  lithium  attack  has  been 
on  the  end  cap  and  immediate  area.  As  Fia.  30  shows,  there 
was  also  severe  corrosion  of  the  tube  wall,  at  least  in  the 
first  3  cm  or  so  of  the  evaporator.  The  deterioration  of 
the  metal  fiber  wick  is  also  obvious  in  the  figure. 

In  addition  to  the  lithium  attack  on  the  end  caps  and 
adjacent  tube  walls,  severe  attack  of  the  metal  fiber 
wicks  of  the  Hastalloy  B  pipes  and  the  Hastalloy  X  pipes 
occurred.  Transport  of  the  metallic  particles  from  areas 
in  the  evaporator,  adiabatic  section,  and  the  upBtream  end 
of  the  condenser  section  resulted  in  a  large  solid  deposit 
typically  5  cm  in  length,  beginning  about  10  cm  from  the 
evaporator  end.  Longitudinal  sections  of  HB-6  can  be  seen 
in  Fig.  31.  Missing  in  the  picture  are  a  2.5  cm  lonq 
section  of  evaporator  end,  a  1.9  cm  section  cut  from  the 
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Figure  30.  -  Longitudinal  section  of  evapora¬ 
tor  end  of  Hastalloy  B  pipe  HB"8. 


Figure  31.  -  Longitudinal  sections  of  Hastalloy  B  pipe  HB--6  showing  extent  of  lith 

IUM  CORROSION  ALONG  ENTIRE  LENGTH  OF  PIPE. 


deposit  area,  and  a  13  cm  long  section  of  the  condenser 
end.  The  wick  in  the  evaporator  end  is  fused  to  the  tube 
wall  over  its  entire  length.  Most  of  the  wick  in  the 
adiabatic  section,  particularly  in  the  downstream  end,  is 
gone  as  it  is  in  the  first  half  of  the  condenser  section. 
In  some  of  the  Hastalloy  B  and  Hastalloy  X  pipes,  the 
transported  material  agglomerating  in  the  evaporator  actu¬ 
ally  closed  off  the  area  and  prevented  the  flow  of  fluid 
and  vapor.  Figure  32(a)  shows  a  cross  section  cut  from 
the  closed  area  of  HB-6.  Figure  32(b)  shows  a  cross  sec¬ 
tion  through  the  evaporator  about  5  cm  from  the  end  cap, 
and  another  through  the  condenser  about  3  cm  from  the  end 
of  the  pipe.  X-ray  diffraction  analysis  indicates  the 
deposit  to  be  nickel.  Hastalloy  X  and  Hastalloy  B  are 
typically  40  to  70  percent  nickel. 

The  depth  of  attack  in  the  tuhe  wall  and  in  the 
metallic  fiber  wick  seems  to  be  much  less  severe  in  HR-1} 
than  it  was  in  HB-6  and  HB-8.  The  only  explanation  is  that 
the  data  indicate  HB-6  and  HB-8  were  at  temperature 
greater  than  900  °C  for  300  and  400  hr  compared  to  160  hr 
for  HB-5 .  However,  the  depth  of  attack  into  the  end  caps 
looks  about  the  same  in  HB-5  as  in  HB-6. 

RELATIVE  CREEP 

Excessive  creep  due  to  internal  pressure  over  long 
time  periods  in  space  applications  and  axial  deformation  in 
1-g  applications  miqht  be  detrimental  to  the  power  system 
involved.  Therefore,  at  the  start  of  the  proqram,  one  of 
the  parameters  to  be  studied  was  the  relative  creep  rate 
of  the  materials.  Measurements  were  taken  of  two  pipes  of 
each  material;  one  to  be  t  ted  in  a  vacuum  environment 
and  the  other  to  be  tested  in  an  air  environment.  I.enqth 
dimensions  were  taken  between  scribe  marks  at  the  location 
of  T  and  T_  and  between  T.,  and  T,.  Also, 
three  diametrical  measurements  at  60°  increments  at  , 
Tp ,  and  T-,  were  recorded.  These  measui  iment  s  were  to 
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(a)  Section  through  blocked  area  of  (b)  Cross-sections  of  evapor 

EVAPORATOR.  AND  CONDENSER. 

Figure  32.  -  Constriction  of  evaporator  by  deposits  transported  from  ot 
areas  of  Hastalloy  B  pipe  HB"6. 


be  compared  to  those  taken  at  the  same  places  after 
testing. 

Due  to  early  failures  of  many  of  the  pipes  and  par¬ 
ticularly  because  of  de-emphasis  of  the  program,  post-test 
measurements  were  not  made.  However,  some  qualitative 
comparisons  of  axial  deformation  at  the  temperatures  expe¬ 
rienced  may  be  formed  from  the  data  of  Table  5. 

The  pipes  are  listed  in  aecendinq  test  hours  for  each 
material.  The  hours  listed  at  800  *C  include,  of  course, 
the  hours  at  900  °C.  All  of  the  pipes  were  supported 
essentially  on  knife  edges  at  30.5  cm  in  from  each  end. 
The  ends  of  the  pipes  sagged  downward,  generally  causing  a 
uniform  curve  or  "bowing".  Deformation  is  the  dimension 
between  the  centerline  at  each  end  and  the  centerline  at 
the  point  of  maximum  "bowing". 

The  test  data  were  examined  to  determine  if  the  tem¬ 
peratures  above  800  °C  were  experienced  generally  in  the 
early  hours  of  tosting,  but  no  correlation  could  be  made. 
However,  in  four  of  the  five  material  groups,  the  rate  of 
deformation  seems  to  indicate  that  most  of  the  sagging 
occurred  in  the  early  part  of  the  tests  since  the  rate 
decreases  with  increased  hours  of  testino. 


TABLE  5 

PIPE  DEFORMATION 


Pipe 

Hours  at 

Hours  at 

Deformation, 

Rate  2 

number 

800  °C 

900  aC 

cm 

cmxlO* 
186  hr 

304L 

L-2 

260 

0 

0.80 

30.7 

L-e 

300 

0 

0.25 

8.3 

L-9 

21,670 

6,810 

2.30 

1.6 

L-3 

28,800 

0 

1.90 

0.7 

310S 

S-7 

900 

0 

0.15 

1.7 

S-8 

1,150 

0 

0.15 

1.3 

8-3 

16,800 

0 

0.80 

0.5 

8-1 

19,700 

0 

0.90 

0.5 

8-9 

28,250 

620 

1.85 

0.7 

Hast,  x 

HX-2 

230 

40 

0.10 

4.3 

HX-5 

380 

20 

0.20 

5.3 

HX-11 

1,140 

380 

0.20 

1.8 

HX-9 

1,500 

1,500 

0.15 

1.0 

HX-7 

1,870 

21,870 

0.0 

0.0 

Haynes 

HA-1 

70 

50 

0,15 

21.4 

HA- 2 

170 

0 

0.15 

8.8 

HA-5 

400 

400 

0.0 

0.0 

HA- 6 

1,280 

1,280 

0.0 

0.0 

HA-4 

29,900 

26,900 

0.35 

0.1 

HaBt.  B 

HB-5 

290 

160 

0.10 

3.4 

HB-3 

320 

0 

0.0 

0.0 

HB-8 

430 

400 

0.30 

7.0 

HB-1 

570 

570 

0.15 

2.6 
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SECTION  V 

ANALYSIS  OF  PERFORMANCE 

Since  this  program  was  basically  a  materials  evalu¬ 
ation  program,  a  relatively  small  amount  of  attention  was 
paid  to  pipe  performance.  However,  the  poor  temperature 
profiles  in  the  lithium  pipes  and  the  varying  capabilities 
of  the  sodium  pipes  required  that  some  consideration  be 
given  here  to  what  performance.. .  should  reasonably  be 
expected  of  the  pipes.  The  relatively  sparse  instrumen¬ 
tation  impedes  efforts  at  extensive  data  analysis,  but 
there  is  enough  to  shed  light  on  performance  observations. 

Frequently  it  is  useful  in  analyzing  heat  pipe  behav¬ 
ior  to  examine  the  heat  pipe  performance  limits  which  have 
been  derived.  Within  the  operatina  ranqes  of  the  heat 
pipes  in  this  program,  three  limits  have  been  defined 
(Ref.  6).  These  are  the  viscous  limit,  the  Bonic  limit, 
and  the  wicking  limit.  Appendix  A  discusses  these  limits. 
For  this  report  the  concept  of  a  viscous  limit  did  not 
prove  useful  for  reasons  dealt  with  briefly  in  Appendix  A. 

A  simple  model  of  a  heat  pipe  operating  at  low  vapor 
density  and  low  heat  transport  was  constructed  (Appendix 
B) .  Using  the  model,  the  theoretical  performance  of  sodium 
and  lithium  pipes  representative  of  those  in  this  program 
was  determined.  The  theoretical  sonic  limit  was  computed 
for  such  pipes  and  placed  on  the  performance  charts.  The 
wicking  limit  determined  from  experimental  observation  was 
also  located  on  the  charts. 

SODIUM 

Figure  33  shows  the  predicted  performance  of  sodium 
filled  pipes  with  internal  dimensions  similar  to  those  in 
the  present  program.  In  preparing  the  figures,  no  adia¬ 
batic  section  was  assumed  so  that  all  computations  would 
be  on  the  same  basis.  The  air  pipes  in  this  proqram  had 
shielded  adiabatic  sections  while  in  vacuum  they  radiated 


from  the  nominal  adiabatic  section  as  well  as  from  the 
condenser . 

In  Fig.  33(a)  an  emissivity  of  0.25  was  assumed, 
representing  bright  stainless  steel  in  a  vacuum.  While 
Fig.  33(b)  pertains  to  an  emissivity  of  1.0,  representing 
either  a  specially  coated  or  badly  oxidized  pipe,  opera¬ 
tion  in  vacuum  was  assumed.  No  heat  loss  by  convection 
was  accounted  for  in  the  computations. 

Lines  of  heat  pipe  length  ratio  A/A  (total 
length  of  heat  pipe  divided  by  evaporator  length)  versus 
transported  heat  are  shown  for  various  evaporator  stagna¬ 
tion  temperatures.  The  ratio  a/a  essentially 

€t 

shows  the  length  of  pipe  required  to  dissipate  heat  Q. 
If,  at  a  given  Q,  A/A  ,  and  temperature,  an  actual 
pipe  is  longer  than  A/A_,  then  a  portion  of  the 
pipe  will  be  cold  and  a  sharp  drop  in  temperature  will 
occur  at  about  A/Ae*  If,  on  the  other  hand,  an 
actual  pipe  is  shorter,  the  pipe  will  have  to  seek  a 
higher  temperature  consistent  with  the  specified  Q  and 
A/Ae. 

Lines  of  approximate  Mach  number  M  at  the  evapo¬ 
rator  exit  are  indicated.  Because  of  the  assumption  of 
incompressible  flow,  the  lines  of  constant  temperature  are 
terminated  at  M  -  0.3.  The  sonic  limit  line,  M  ■  1.0, 
was  computed  by  Busse's  equation  (Ref.  7),  and  located  on 
the  figures  by  a  rough  extrapolation  of  the  lines  of 
a/a  versus  Q  established  at  lower  Mach  numbers. 

Also  shown  in  Figs,  33(a)  and  (b)  are  hatched  regions 
representing  approximate  wicking  limit  for  100  mesh  screen 
as  computed  from  experimental  data  taken  in  the  program. 
The  width  of  the  zone  suggests  uncertainty  in  the  compu¬ 
tation,  but  is  in  no  way  proportional  to  the  uncertainty. 
Appendix  A  discusses  the  computations  leading  to  the  loca¬ 
tion  of  this  region.  An  analytic  determination  of  the 
wicking  limit  using  published  values  of  wick  permeability 
and  wicking  capability  gives  a  heat  transport  as  low  as 
75  W  at  A/A  of  3,  the  physical  dimension  of  the 
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I  a)  condenser  emissivity,  0.25. 

Figure  33.  Length  of  sodium-filled  pipe  required  to  dissipate  transported 

HEAT  AT  SEVERAL  TEMPERATURES. 
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heat  pipes  (Appendix  A) .  Apparently  a  rolled  screen  wick 
such  as  employed  in  this  project  has  a  flow  resistance  much 
lower  than  that  computed  from  published  laboratory  measure¬ 
ments  (Refs.  6  and  8).  Probably  the  screen  layers  do  not 
remain  in  tight  contact.  The  wick  structure  then  takes  on 
the  character  of  an  artery  with  much  diminished  flow 
resistance. 

The  attainable  operating  region  for  sodium  pipes 
resembling  those  in  the  auperalLoy-  program  is  below  the 
sonic  limit  line  and  to  the  left  of  the  wicking  limit  zone. 
The  figures  show  that  even  for  sodium  pipes  having  the 
extreme  length-to-diameter  proportions  of  the  Buperalloy 
pipes,  there  is  a  substantial  region  of  satisfactory  opera¬ 
tion.  This  is  in  agreement  with  observation. 

Comparison  of  Figs.  33(a)  and  (b)  emphasizes  the  obvi¬ 
ous  fact  that  high  emissivity  results  in  more  heat  trans¬ 
fer,  and  conseguently  a  shorter  heat  pipe  with  less  fluid 
resistance.  If  physical  constraints  require  a  long  adia¬ 
batic  section  not  considered  in  the  figures,  fluid  resis¬ 
tance  will  increase,  lowering  the  heat  transport. 

LITHIUM 

Figure  34  shows  the  predicted  performance  of  lithium 
filled  heat  pipes  with  internal  dimensions  resembling  those 
in  the  present  program.  Again,  no  adiabatic  section  was 
assumed  in  the  figure.  For  comparison  purposes,  the  vapor 
channel  diameter  was  assumed  to  be  the  same  as  for  Fig.  33. 
Figure  34(a)  pertains  to  an  emissivity  of  0.23,  while 
Fig.  34(b)  is  for  an  emissivity  of  1.0. 

The  wicking  limit  in  Fig.  34(a)  represents  a  compu¬ 
tation  for  metal  felt  wicks.  The  wicking  limit  falls  to 
the  right  of  the  grid  in  Fig.  34(b).  While  no  known  wick¬ 
ing  limit  was  encountered  in  the  tests  with  the  lithium 
pipes,  evidence  of  incipient  dryout  was  observed  in  sodium 
pipes  with  metal  felt  wicks.  As  described  in  Appendix  A, 
this  information  was  used  to  deduce  a  metal  felt  flow 
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resistance.  From  this  resistance  the  wicking  limit  was 
computed  for  lithium  metal  felt  heat  pipes.  This  wicking 
limit  was  in  excess  of  any  condition  attained  in  the  lith¬ 
ium  superalloy  tests. 

From  Figs.  34(a)  and  (b)  ,  the  conclusion  is  easily 
reached  that  the  lithium  pipes  were  simply  operating  at 
too  low  a  power  input.  The  sonic  limit  was  probably 
approached,  or  encountered,  in  all  of  the  functioning 
lithium  pipes.  At  1200  K  the  sonic  limit  for  the  lithium 
pipes  would  have  been  reached  at  about  800  W,  On  the 
other  hand,  the  superalloy  materials  limitations  and 
heater  restrictions  prohibited  the  higher  temperatures 
which  would  have  avoided  the  sonic  limit. 


SECTION  VI 
CONCLUDING  REMARKS 


This  study  at  the  outset  was  focused  on  materials 
compatibility  in  liquid  metal-superalloy  heat  pipes. 
Sodium  was  found  to  be  satisfactory  over  long  periods  with 
oil  of  the  alloys  tested.  Lithium  was  found  to  be  compat¬ 
ible  only  with  Haynes  188,  and  to  a  limited  extent  with 
310S  stainless  steel.  However,  both  were  prone  to 
cracking . 

There  was  no  obvious  external  problem  in  any  of  the 
pipes  exposed  to  vacuum  environment,  although  the  possi¬ 
bility  of  preferential  evaporation  of  constituents  is  not 
precluded.  In  air,  304L  and  Hastalloy  R  pipes  were  oxi¬ 
dized  on  the  evaporator  surfaces,  while  other  alloys  were 
satisfactory. 

The  sodium  pipes  performed  satisfactorily  under  the 
conditions  imposed  by  the  materials  and  by  thf.  test  facil¬ 
ity.  The  performance  of  the  lithium  pipes  ,;as  poor,  and 
was  a  consequence  of  both  materials  and  facility  limita¬ 
tions.  A  conclusion  reached  is  that  the  superalloys  tested 
in  this  program  are  unsuited  to  lithium  heat  pipes. 

Because  of  the  emphasis  on  materials  compatibility, 
relatively  little  attention  was  devoted  to  the  desiqn  of 
the  pipes.  However  the  differences  in  performance  observed 
among  member  pipes  of  a  Binqle  qroup  suggest  that  large 
manufacturing  variances  were  encountered  in  the  internal 
structure.  In  large  scale  applications  of  high  performance 
heat  pipes  more  demanding  desiqn  and  quality  control  pro¬ 
cedures  might  be  desirable. 
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SECTION  VII 
RECOMMENDATIONS 


Some  specific  recommendations  applicable  to  future 
work  with  heat  pipes  and  test  facilities  of  the  same  type 
employed  in  this  program  follow. 

FACILITIES 

The  test  facilities  generally  ...proved  quite  satisfac¬ 
tory  for  this  program,  built  as  they  were  upon  experience 
with  installations  for  lower  temperature  pipes.  The 
heaters  as  finally  developed  were  adequate  for  the  duty 
imposed.  The  air  heaters  were  operating  near  their  limit. 
The  vacuum  heaters,  or  modifications  thereof,  could  prob¬ 
ably  be  operated  at  higher  temperatures  and  powers.  The 
circulating  cooling  system  gave  no  problems.  On  the  other 
hand,  ports  and  viewing  holes  to  give  better  sightings  of 
the  hot  pipes  would  have  been  appreciated.  The  pipes  also 
could  have  been  supported  at  both  ends  as  well  as  at  the 
ends  of  the  adiabatic  section.  The  bowinq  of  some  of  the 
pipes,  a  factor  in  a  gravity  environment,  could  have  been 
lessened. 
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INSTRUMENTATION  AND  DATA  TAKING 

Interpretation  of  performance  data  would  have  been 
greatly  improved  by  more  thermocouples,  particularly  in 
heat  rejection  sections.  In  an  essentially  isothermal  zone 
such  as  the  evaporator,  two  couples  might  suffice  (one  as  a 
spare)  with  eight  or  ten  more  in  the  rest  of  the  pipe.  To 
monitor  the  temperatures,  a  recording  system,  or  a  visual 
display  such  as  the  video  bargraph  (Metrascope)  described 
in  Ref.  9  would  be  desirable.  Additional  attention  should 
be  given  to  thermocouple  attachment  since  problems  with 
breakage  and  lifting  were  encountered. 
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OPERATION 

Whether  preheating  of  the  pipes  to  distribute  the 
working  fluid  along  the  pipe  was  necessary  is  uncertain. 
As  a  precaution  against  a  failed  start  up,  preheating 
should  be  considered. 

More  power  increments  during  start  up  may  be  desira¬ 
ble  to  better  define  the  dynamics  of  the  process. 


APPENDIX  A 

REVIEW  OF  HEAT  PIPE  LIMITS 
AND  COMPUTATIONS 


Buase  (Ref.  7)  has  considered  heat  pipe  limits  at  some 
length.  The  material  which  follows  is  abstracted  from  that 
source  where  possible. 


REVIEW  OF  LIMITS 

At  the  lowest  operating  temperature  for  a  given  pipe- 
fluid  combination,  the  viscous  limit  is  supposedly  encoun¬ 
tered.  This  represents  a  situation  in  which  relatively 
low  vapor  velocities  are  attained.  Viscous  forces  in  the 
vapor  stream  deplete  the  pressure  available  for  driving 
the  column  of  vapor  before  the  condenser  end  of  the  pipe 
is  reached.  Alternatively,  one  may  say  that  the  heat 
rejected  removes  all  the  vapor  before  the  end  of  the  con¬ 
denser  is  reached,  as  explained  below. 

As  evaporator  temperature  is  increased  in  the  situ¬ 
ation  above,  vapor  pressure  and  vapor  velocity  rise  and  at 
some  point  choke,  or  sonic  velocity,  at  the  end  of  the 
evaporator  is  reached.  This  is  the  sonic  limit.  Further 
increase  in  temperature  causes  supersonic  velocities  in 
the  condenser,  with  continued  choke  jn  the  evaporator  end. 
In  the  meantime,  the  transported  heat  and  the  vapor  mass 
flux  continue  to  rise  with  conic  velocity  maintained  at 
the  end  of  the  evaporator.  A  shock  wave  ir.  the  condenser 
moves  upBtream  as  the  temperature  increases  and  eventually 
vanishes,  establishing  subsonic  flow  throughout  the  pipe. 
On  the  other  hand,  a  change  only  at  the  condenser  cannot 
affect  the  evaporator  conditions. 

With  continuing  increase  in  evaporator  temperature, 
heat  input,  and,  therefore,  liquid  velocity,  the  wicking 
limit  is  encountered.  An  effort  to  pass  this  limit  causes 


dryout  of  the  evaporator.  The  pressure  drop  in  the  heat 


r’.TC’.nv.v.-. vcw.s  w.v.v.v--,  .-.v.  v  Vi v--  „ 


pipe,  mostly  in  the  wicking,  exceeds  the  capillary  surface 
tension  forces  available  for  pumping. 

A  recapitulation  may  be  made  as  follows.  For  a  given 
heat  pipe,  the  viscous  limit  determines  the  active  length 
of  the  pipe  at  the  particular  operating  conditions.  Where 
the  sonic  limit  applies,  the  evaporator  and  condenser  are 
uncoupled,  and  changes  in  condenser  conditions  do  not 
affect  transported  heat.  When  the  wickino  limit  is 
encountered,  an  effort  to  increase  heat  transport  further 
may  cause  complete  failure  of  the  pipe  to  function.  In 
this  sense  the  wicking  limit  is  altogether  different  from 
the  others. 

Busse  (Ref.  7)  has  presented  equations  for  heat  trans¬ 
port  at  the  viscous  and  sonic  limits.  For  a  heat  pipe  of 

specified  cross  section  area  the  heat  input  0.  to  the 

© 

evaporator  at  the  sonic  limit  is 


Qfi  --0.474hvlAv(popo) 


and  at  the  viscous  limit  is 


CL  -  AvDvhvlpoPo 


1 


W 

**■ 


where 

Av  area  of  vapor  space 

Dy  diameter  of  vapor  space 

hvl  heat  of  vaporization 

^eff  effective  length 

pQ  vapor  pressure  at  evaporator  upstream  end 
n  vapor  viscosity 

pQ  vapor  density  at  evaporator  upstream  end 

For  uniform  heat  addition  or  rejection  the  effective  length 
is 


where 


*  <*e  +  “c."2 


length  of  adiabatic  section 
active  length  of  condenser 


'•.'lo's.V*.' 


I  length  of  evaporator 

* 

The  so-called  viscous  limit  Eq.  (2)  specifies  how  much 
heat  can  be  forced  through  the  heat  pipe  by  the  available 

pressure  drop.  At  the  same  time,  however,  the  condenser  is 
rejecting  heat  Q: 

Q  -  *hD0itca<Tc  -  Tft)  (3) 

where 

t>  outer  diameter  of  condenser 

O  -»**• 

h  heat  transfer  coefficient  from  condenser  outer 

wall 

Tc  temperature  of  condenser 

Te  ambient  temperature 

For  a  given  set  of  steady  state  conditions,  it  is  necessary 
that  Q  *  <L.  If  0  <  CL  then  0  must  increase  by 

a  chanqe  in  1 (Eq.  3)  while  the  resulting  increase 
in  reduces  0ft  (Eq.  2)  until  both  0's  are 

equal.  If  the  physical  end  of  the  condenser  is  thereby 
reached,  the  pipe  moves  away  from  the  viscous  limit.  If 
Q  >  CL,  the  active  length  of  the  condenser  bv  the  same 
token  must  decrease,  increasing  Qe.  Because  of  this 
necessary  coupling  of  p_  and  0  the  concept  of  a  vis- 

V 

cous  limit  appears  of  limited  utility  in  studying  a  speci¬ 
fic  heat  pipe.  A  direct  computation  of  conditions  in  a 
heat  pipe  operating  in  the  viscous  range  is  necessary. 

The  wicking  limit  is  determined  by  comparing  the  maxi¬ 
mum  capillary  pressure  difference  available  at  the  evapo¬ 
rator  upstream  end, 

‘"cap  ’  |4) 

to  the  pressure  drop  experienced  by  the  workinq  fluid 
departing  as  vapor  and  returning  as  liquid  at  that  point 
(Ref.  6) 


Ap  ■ 


’Vi 


U.2- 


reff  . 
4 


w 


8uvl.ff 


noyrv 


4  p iq (V08  0  4  *  s*n  0 ) 


(5) 
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a 


where 


A  cross  sectional  area  of  liquid  channel  and 
w 

wick 

Dw  inside  diameter  of  heat  pipe  wall 

g  gravitational  constant 

K  wick  permeability 

H  length  of  heat  pipe 

reff  ®ff®ctive  radius  of  a  capillary  pore 

rv  radius  of  vapor  space 

p-s  liquid  density 

Pv  vapor  density 

liquid  viscosity 
uv  vapor  viscosity 

e  angle  of  heat  pipe  with  horizontal,  positive 

when  condenser  is  below  evaporator 

o !  surface  tension  of  liquid 

If  Gqs.  (4)  and  (5)  are  combined,  the  vapor  pressure  drop 
is  ignored,  and  the  pipe  is  in  a  zero  "g”  environment,  the 
maximum  heat  transport  can  be  put  in  the  familiar  form 
(Ref.  6) 


The  group 
for  the  fluid, 


'max 


°1°  l”vl 


<«> 

of  merit 


COMPUTATION  OP  WICKING  LIMIT  FOR  THF  SUPERALLOY  PIPES 

A  rough  wickinq  limit  for  the  sodium  filled  pipes  with 
Bcreen  wick  can  be  deduced  from  the  following  temperature 
data  for  pipe  L-8  at  the  specified  conditions. 


Tilt 

Heater 

power,  W 

T1 

Temper 

T2 

ature, 

T3 

°C 

T4 

Comments 

-5° 

1305 

B60 

810 

RB0 

740 

hot  to  end 

+  5° 

1305 

860 

820 

880 

740 

last  5  cm  dark 
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The  increase  in  elevation  caused  a  sharp  temperature 
drop  at  the  end  of  the  condenser  as  evidenced  by  darkening. 
This  phenomenon  was  previously  observed  near  dryout 
(Ref.  9}.  On  the  assumption  that  dryout  was  commencing  at 
0°  tilt.  Eq.  (5)  was  solved  for  parameter  KAW>  Dimen¬ 

sions  and  properties  used  were  (Refs.  6,  10) 
hvl  3.74xl06  J/kg 

ceff  1.3xl0"4  m 

ry  0.00363  m 

W1  1.7xl0’4  N/m2 

p-j.  748  kg/m3 

ox  l.lSxlO-1  N/m2 

The  value  of  reff  is  estimated  from  a  value  for 
100  mesh  nickel  screen  in  Ref.  6. 

The  heat  actually  transported  was  estimated  to  be 
about  1100  V  on  the  basis  of  computed  radiation  and  con¬ 
vection  losses.  Thus  about  200  W  was  lost  from  the  heater. 

Prom  the  data  the  term  KAw/*,reff  was  computed. 
Equation  6  for  the  case  of  no  adiabatic  section  and  a  level 
pipe  was  then  evaluated  for  the  temperatures  in  pigs.  33(a) 
and  (b) .  The  zone  of  wicking  limit  was  then  located  on  the 
f igures. 

A  wicking  limit  for  the  lithium  filled  metal  felt 
pipes  was  determined  by  more  indirect  meanB.  No  dryout  was 
suspected  in  the  lithium  pipes.  However,  the  following 
observations  for  Pipe  HX-7  containing  sodium  were  used  to 
determine  the  resistance  of  a  metal  fiber  wick. 


Tilt 

Heater 

Temperature, 

°C 

power,  W 

T1 

T2 

T3 

T4 

0° 

800 

680 

600 

600 

600 

5° 

800 

720 

605 

605 

620 

10° 

800 

860 

600 

600 

600 

marked 

increase 

in  evaporator 

temper! 

occurred  as  elevation  was  increased.  This  phenomenon  is 
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also  a  precursor  or  indicator  of  dryout  (Ref.  9).  The 
assumption  was  made  that  the  pore  size  reff  was  fchat 
of  200  mesh  screen,  about  6xl0”5  m.  The  limiting  tilt 
before  dryout  was  taken  as  5*.  The  term  KAw/ilreff 
was  computed  for  the  wick.  Equation  6  was  then  evaluated 
for  lithium  as  the  working  fluid  at  the  temperatures  shown 
in  Figs.  34(a)  and  (b) .  The  zone  of  wicking  limit  appears 
in  Fig.  34(a),  but  falls  off  of  Fig.  34(b). 

The  results  obtained  would  not  be  greatly  changed  by 


assuming  r@ff  differing  from 

'"5  m  causes 


6x10“®  m. 


In  fact, 


a  change  in 


“max 


doubling  it  to  12x10 
(Eq.  6)  of  23  percent. 

The  experimentally  determined  wicking  limit  for  the 
screen  wire  pipes  can  be  compared  to  a  theoretical  value 
computed  from  tabulated  and  measured  wick  properties.  By 
inserting  a  diameter  gauge  snugly  into  the  pipe  the  maxi¬ 
mum  internal  diameter  of  the  200  mesh  wick  in  one  of  the 


sodium  pipes  was  determined.  This,  together  with  the  pipe 
internal  diameter,  gives  a  wick  cross  sectional  area  of 
1.47xl0“5  sq  m.  Using  a  reasonable  value  for  permeabil¬ 
ity  K  of  5.5xl0-11  m2  (Refs.  8  and  10)  gives  a  wick¬ 
ing  limited  heat  transport  of  75  W  at  1000  K.  Obviously 
the  assumption  of  tight  contact  in  the  wick  layers  is  dis¬ 
pelled  by  this  result. 


APPENDIX  B 

ANALYSIS 

A  simple  heat  and  mass  transport  analysis  was  con¬ 
structed  in  the  process  of  preparing  Figs.  33  and  34.  The 
many  simplifying  assumptions  are  justified  by  the  rather 
sparse  amount  of  experimental  data  Available,  and  the  need 
for  only  qualitative  comparisons. 

Only  one  case  was  considered,  that  of  operation  in 
vacuum  with  an  unshielded  adiabatic  section.  The  major 
assumptions  were 

(1)  Alkali  metal  dimers  (Lij,  Na2)  were  con¬ 
sidered,  and  local  chemical  equilibrium  was 
required . 

(2)  Uniform  temperature  across  any  section  was 
assumed.  The  vapor  and  liquid  were  everywhere  in 
phase  equilibrium. 

(3)  Axisymmetric  two  dimensional  flow  was  considered 
in  the  evaporator. 

(4)  One  dimensional  flow  analysis  could  be  employed 
in  the  condenser.  The  implied  flow  profile 
mismatch  and  pressure  discontinuity  at  the 
evaporator-condenser  interface,  and  possible 
backflow  in  the  condenser  (Ref.  11)  were  not 
considered . 

EVAPORATOR 

In  the  evaporator,  the  theory  of  Yuan  and  Finkelstein 
(Ref.  12)  was  employed.  This  theory  was  derived  for  uni¬ 
form  injection,  or  suction,  through  a  porous  wall  with 
incompressible,  laminar  flow  and  constant  fluid  properties. 
The  theory  incorporates  both  the  effects  of  viscosity  and 
momentum  change  on  the  pressure  drop.  Reference  12  assumes 
a  Poiseuille  profile  at  the  beginning  of  injection,  or  suc¬ 
tion.  By  setting  the  maximum  velocity  r f  the  Poiseuille 
profile  to  zero,  the  evaporator  end  condition  is  intro¬ 
duced.  The  equation  for  pressure  drop  from  evaporator  to 


any  station  z  can  be  written,  assuming  uniform  axial  heat 
input,  as 


where 


P (0)  -  p(z) 


°vVvl 


heat  of  vaporization  of  working  fluid 
radius  of  vapor  space 
distance  from  evaporator  end 
viscosity  of  vapor 
density  of  vapor 


(7) 


Yuan  and  Finkelstein  evaluated  coefficient  C  for 
the  limiting  conditions  of  low  and  high  radial  Reynolds 
number  Rer. 

For  Rec  <<  1 

-C  «  1  -  (3  Rer/4)  -  (11  ReJ/2.70)  (8) 

and  for  Rer  >>  1 

-C  -  0.61685  -  (1.3253/Ret)  (9) 


For  the  present  analysis,  Eq.  (8)  was  used  for  Rer 
<  0.05  and  Eq.  (9)  for  Rer  >  50  and  a.  suitable 
fairing  function  was  devised  for  0.05  <  Rer  <  50. 
An  analysis  by  Busse  (Ref.  11)  gives  very  similar  results 
to  Eqs.  (7)  to  (9)  . 

In  the  application  of  Eqs,  (7)  to  (9) ,  the  effects  of 
compressibility  were  partially  accounted  for  by  evaluating 
properties  uv,  ov  and  Ref  at  the  local  pres¬ 
sure,  p(z)  . 


CONDENSER 

To  facilitate  computation  of  the  flow  in  the  con¬ 
denser,  a  simple  one  dimensional  flow  analysis  was  con¬ 
structed.  The  analysis  differs  from  the  customary  one 
dimensional  flow  analysis  of  Shapiro  (Ref.  13)  since  the 
control  volume  is  drawn  to  include  thr-  heat  pipe  wall  and 
fluid.  By  this  means  the  conduction  of  heat  along  the  heat 
pipe  wall  is  easily  accounted  for.  This  sketch  illustrates 
the  model t 


?- ! 


distance  along  pipe  axis 
vapor  shear  stress 


Momentum  Equation 

A  momentum  balance  across  the  section  gives 
(w  +  Aw)  <Vv  +  AVv)  -  wVy 

*  PVAV  -  (Pv  +  Apy)Ay  -  TyPvA2  (10) 

At  Bteady  state  in  the  absence  of  freezing  out,  w  «  wy 
so  the  subscript  has  been  dropped  from  w  and  V.  Also 
needed  are  the  continuity  equation 


the  perfect  gas  law 


W  *  pyAvV 


P  “  “ 
m. 


and  the  expressions  for  shear  stress 


Mach  number 


tv  “  fovv;/2 


M  «  v/c 


and  sound  velocity  for  frozen  composition 


ryRTv/mv 


Here 


friction  factor 


mv  mean  molecular  weight  of  vapor 

R  gas  constant 

y  ratio  of  specific  heats 

The  assumption  of  local  chemical  equilibrium  in  the  gas  is 
not  consistent  with  the  definition  of  c  in  Eq.  15.  Com¬ 
bine  Eqs,  (10)  to  (15)  to  obtain 


t1 '  VM1 


Li!!£v  .  JvK2  j  ^eW  _  d  ^2 

dz  dz  D.. 


XrznXU'^£3UiAk7*'7-<« K  A*  wp.»  *■*  '»  >\«  -■-«  -JI  .-ja*.  *p 


Because  of  local  phase  equilibrium  the  Clausius-Clapeyron 
equation  may  be  employed: 


d  l09ePy  .  /hvl\d  1oV 


"cTz 


,  RT. 


dz 


(17) 


where  hyl  is  the  heat  of  vaporization.  Combine 
Eqs.  (16)  and  (17)  to  obtain 


d  logftw  f 
cTz  "  d" 


i  RT 


vl\  (1  -  yM2)  1  d  logeT 

- TT  +  2  — 


2yM 


z 


(18) 


Energy  Equation 

The  energy  into  the  cross  section  of  pipe  is 
approximately 


'in 


wlh..  +  t)  -  k  a  5*  -  k„A  dfw 


T )  “  Vp  3z  *  *wAw^ 

+  (w  +  Aw)  (h,  +  Ah^) 

and  the  energy  out  is 


(19) 


fdT  d2T. 


2  2  _ 

E— -  ■  (w  +  Aw)(hv  +  Ahv  +  |-  +  Ay-j  -kpAplii2  +  T72  *z 

o  z 


Jout 


2- 

r<jT  d  t 

+  Wht  +aq  -  +  jpr  As, 


(20) 


Here 

h. 


enthalpy  of  liquid 
anthe^y  of  vapor 

effective  mean  temperatures  of  the 
liquid  and  the  wall 

Using  a  frequently  made  assumption  in  heat  pipe  work 


V  TP 


(Ref,  8)  that  t  ,  T_  and  T„  are  not  far  different 


w '  *p 


dT  dT  dT 
dT  „  w  13  v 

3z  "  ar"  *  3z  *  &r 


(21) 
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and 


dz  dz2  dz2  dz2 


v] 

\1 

i 


and  defining. 


C  -  *  A  +  k  A 
c  w  w  P  P 


Equating  50Ut  and  EJn  and  using  Eqs.  (18), 
(22),  and  (23)  gives  finally 


where 


Also 


H  h<fc> 

HThvl 


“  +  (cv  “  cl)  3z  + 


c,  specific  heat  of  liquid 

cv  constant  pressure  specific  heat  of  vapor, 


Kf  ■  r 

v 


ht  -  “(it) 


ijutMl  +  I 

2YM2  2 


a 


i 


5 


hv  -  hl  + 


i  +  r 


In  the  case  where  conduction  along  the  wall  is  deemed  neg- 
2  2 

iigible,  d  T/dz  is  set  to  zero  in  Eq.  (24).  Equa¬ 
tion  (24)  then  defines  the  derivative  dT/dz, 

The  heat  loss  per  unit  length  from  the  outer  wall  by 
combined  radiation  and  convection  (where  applicable)  is 


where 


!§  *  V"c  +  hr><Tp  *  V 


coefficient  of  convective  heat  transfer 
coefficient  of  radiant  heat  transfer 


Pp  outer  perimeter  of  pipe 


*“  ■  a  .  » v.f i" , .  *i  V#  .si'  t\'  ■ .v"_ 1  .j ^ jjyVv'. 


-ir*  f  *  r  ’ 


Tp  outer  wall  temperature 

Tg  sink  or  environment  temperature 

Assume  that  the  net  heat  into  the  section  sketched  above 
is  negligible.  In  the  absence  of  a  temperature  gradient 
this  is  completely  true.  Then  the  heat  rejected  per  unit 
length  from  the  vapor  to  the  outer  wall,  per  unit  length, 
is  the  same  as  that  rejected  to  the  environment: 

at  ‘  V'cand'*  Tp>  <2«] 

The  conduction  heat  transfer  coefficient  between  the  vapor 
space  and  the  outer  wall  of  the  pipe  in  the  assumed  absence 
of  a  film  resistance  is  (Ref.  14) 


cond 


/D 

d  log  [*fi 


Dpl0g< 


and  the  radiation  heat  transfer  coefficient  is 


3  Ts  fTs 
h  y  *  o  P  gT  p  1  +  jp—  + 


where 


D  inner  diameter  of  pipe  wall 

Dp  outer  diameter  of  pipe  wall 

Fe  unit  radiation  conductance,  eaual  to 

emissivity  in  this  case 
o  Stefan-Boltzmann  constant 

The  convective  heat  transfer  coefficient  in  a  region  with 
unrestricted  air  circulation  can  be  written  as  (Ref.  14) 


hc  •  1.32 


T  -  T. 


in  units  of  watts/meter sz  K.  EguatJons  28  to  32  are  solved 
simultaneously  to  find  dO/dz  and  T  . 


Ul  Wtfl WW  W Iff?? »jf  rj  r»»-f,  *  ^  js'^iv,  xV  w  -u  i*-,„ 


Properties 

Reference  6  qives  the  followinq  expressions  for  effec¬ 
tive  conductivity  in  wicks  saturated  with  fluid 


where 


w 


R  -  c 
fl  +  e 


(1  ♦  k  /k5 ) 

fl  ■  TnXf 


(33) 


(34) 


and 

kg  thermal  conductivity  of  solid 

thermal  conductivity  of  liquid 
e  volume  fraction  of  solid 

The  thermal  conductivity  of  Haynes  188  (Ref.  15)  was  used 
as  typical  of  the  class  of  alloys  studied  here. 

The  conductivities  of  the  liquid  metals  were  from 
Ref.  10.  Thermodynamic  properties  of  lithium  and  sodium 
vapor  and  liquid  were  from  the  JANAF  tables,  (Ref,  16). 

If  the  restriction  of  negligible  wall  conduction  is 
lifted,  the  temperature  gradient  along  the  wall  can  be 
considered,  and  the  profile  in  a  pipe  with  an  inactive 
length  can  be  considered. 
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